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Abstract
 Ultimate pH (the pH of meat 24 hr post-mortem) is one of  the most important
contributors to defects and reduced sensory and microbial shelflife of pork. The objectives
of this study were to determine: (1) the effect of ultimate pH (pHu) of pork loin on its
shelflife at the wholesale and retail level and (2) its influence on the growth of Salmonella
Typhimurium DT104 in ground pork.  Thirty-six pork loins (pH range = 5.56- 6.57) were
collected at a commercial slaughter facility 24 hr post-slaughter. All pigs were from the
same genetic line. 
Aerobic (APC), psychrotrophic (PPC), Enterobacteriaceae (EC) and lactic acid
bacteria (LAB) counts were obtained for vacuum-packaged (VP) pork loins stored for 0,
6, 14, 24, and 34 days at 4/C.  For APC, log CFU/cm2 of loins at pHu< 5.85 were
significantly lower than loins at pHu> 5.85 (p< 0.05). Loins at pHu< 5.7 were consistently
1.5-2.5 logs lower than pHu> 5.85 and time to reach 7.0 log CFU/cm2 was approximately
12 days longer than at pHu> 5.85. For PPC, pHu< 5.7 was also significantly lower than
pHu> 5.85 over the storage period and was consistently 1.5-2 logs lower than pHu> 5.85
from day 14 to 34. For EC, pHu< 5.95 were lower than pHu> 5.95.  Loins of pHu< 5.7
were consistently 1.5-3 logs lower than at pHu> 5.85 for 34 days. EC of pHu< 5.7 at 34
days was no different than pHu> 6.16 at day 14. LAB growth was not influenced by pHu.  
No off-odors were detected in samples until days 24 and 34.  All samples with off-odors
were between 7.4 and 9.2 log CFU/cm2 and most were of pHu> 6.16.  Glucose and lactate
concentrations were determined for VP pork loins stored for 0, 6, 14, 24, and 34 days at
4/C.  Loins of pHu< 5.7 consistently had 5.6 to 9.4 :mole glucose/g more than pHu>
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5.85.  Similarly, lactate concentration of loins of pHu< 5.7 was greater than pHu> 5.85
through day 24.  2-thiobarbituric acid (TBA) values (oxidative rancidity) were determined
in loins at days 0 and 34 of VP storage and were greater in loins of pHu< 5.7 compared to
pHu> 6.16.  Percent drip loss (purge) was determined in loins on days 6, 14, 24, and 34
VP storage.  Loins of pHu< 5.7 displayed their greatest drip loss at days 24 and 34 and
were greater than pHu> 5.7 (4.6 and 3.9% greater than pHu> 6.16 on those respective
days). 
Chops cut from VP loins (wholesale) were displayed in a retail case and stored for
5 days aerobically at 5/C.  Chops were grouped by pH as follows (group: pH range):
A:5.41-5.65, B:5.66-5.80; C:5.81-6.95; D:6.96-6.10; E: > 6.10.  APC, EC, lightness (L*),
a*, and b* values were determined both initially and after 5 days of storage under retail
display conditions.  Hue/ and chroma were determined using the following equations:
(arctan b*/a*) and (sqrt (a*2 + b *2 )), respectively. Initial APC between pHu groups was
different only at day 14 VP storage with group A being 1.0 to 1.6 log CFU/cm2 less than
groups C-E.  No initial APC exceeded log 7.0 CFU/cm2. At day 5 retail storage, Group A 
APC was consistently 1.0 to 1.5 log CFU/cm2 lower than group E throughout the 34 day
duration of the study and likewise did not exceed 7.0 log CFU/cm2 until 39 days (34 day
VP samples). All other group APC did not exceed 7.0 log  CFU/cm2 until 29 days (24 day
VP samples). Initially, EC for group A was consistently 1.0 to 2.0 log CFU/cm2  lower
than group E at days 14, 24, and 34 of VP storage.  EC at day 5 retail display for group A
was lower than group E and groups C-E after days 11 (day 6 VP samples) and 19 (day 14
VP samples), respectively. Groups A-E did not exceed 7.0 log  CFU/cm2 until after 39
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days (34 day VP samples). Chop pHu did not influence hue/ or chroma either initially or
after 5 days of retail display.  Initially, chops of  pHu< 5.8 were lighter than pHu> 6 .11
throughout the 34 day storage period and similarly after 5 days of retail display in chops
cut from loins vacuum-packaged for 14 and 24 days.  After 34 days of vacuum-packaging
and 5 days of retail display,  pHu< 5.65 was lighter than pHu> 5.81.
Growth of Salmonella enterica ssp. enterica serovar Typhimurium DT104  was
determined in ground pork of pHu 5.75 and 6.52 stored aerobically and anaerobically
(vacuum-packaged) at 10/C.  Non-vacuum-packaged samples were analyzed for up to 8
days and VP samples up to15 days of storage.  Growth of S. Typhimurium was slowest in
VP ground pork of pHu at 5.75 than 6.52 throughout the study except at day 15.  S.
Typhimurium at pHu 5.75 displayed a lag phase of 3 to 6 days versus < 3 days for pHu at
6.52. Ground pork of pHu at 5.75 was 1.5 log CFU/g lower at day 3 than pHu at 6.52. 
At day 6, S. Typhimurium was 7.8 and 8.6 log CFU/g for pHu at 5.75 and 6.52,
respectively and was stationary for the duration of storage except for pHu at 5.75 at day
15 which increased to 8.4 log CFU/g.  Aerobic packaging of the inoculated ground pork
resulted in a faster growth rate.  S. Typhimurium in pHu at 5.75 pork was consistently 0.7
to 1.0 log CFU/g lower than pHu at 6.52 throughout the storage of 8 days.  Growth of S.
Typhimurium was significantly higher at each day of sampling throughout the duration of
the study for both groups.  Pork of pHu at 5.75 reached 8.6 log CFU/g in 8 days in
aerobic packaging compared to 15 days in vacuum-packaging.  Pork of pHu at 6.52
achieved 9.6 log CFU/g by day 8.
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Based on these results, a pork loin pHu of 5.8 to 5.9 is optimum to provide a
shelflife of at least 24 days with minimal off-odors, less drip loss, oxidation and incidence
of lighter color. Likewise, chops cut  from these vacuum-packaged loins could be retail
displayed for 5 days at 5/C and optimum shelflife would be achieved.  Furthermore, a
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Representing 41% of all meat consumed, pork remains the world s meat of choice
(Cravens, 2001).   The United States pork exports have  increased 295% since 1990 and
contributed $ 1.3 billion to the economy in 2001.  Japan, Mexico, and Canada are
currently the top importers of U.S.  pork,  importing 240, 100, and 47 million metric tons
annually, respectively (USDA FAS, 2001).  With the world  s population more than
doubling in the past half decade and protein consumption increasing, this demand is
expected to increase (Recio et al., 1998).  Because of this strong consumer demand and
the revenue generated by the pork industry, research must  be performed to ensure that the
best quality and safest product is created to meet this demand.  
Annually, millions of dollars are lost  due to pork quality defects.  Ultimate pH
(pHu), or  the pH of meat at 24 hours post-mortem, is probably the most important
characteristic of pork and one of the biggest contributors to these defects and reduced
sensory and microbial shelflife.  The National Pork Producers Council conducted a
quality audit evaluating the current status of the United States  pork industry relative to
the products it provides to consumers and revealed that  the two primary pork quality
problems in the U.S. are undesirable pork color and inadequate water holding capacity
(WHC) (Cannon et al., 1996).  A 1992 audit of pork producing packing plants (Kauffman
et al., 1992) revealed that approximately 26% of pork produced was undesirable.
Naumann et al. (1957) stated that color perception is the single most important criterion
consumers use as an indication of flavor, juiciness, tenderness, and freshness in retail
meat. 
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When a living pig is at rest, the pH of its muscle is close to neutral, between 7.18
and 7.30.  Immediately post-mortem, anaerobic glycolysis commences and glycogen
stores in the muscle are converted to lactate.  This lactic acid causes the pH of pork
muscle to decline to 5.4 to 5.7 for the longissimus dorsi muscle (Bendall, 1973).  If
glycolysis takes place too quickly and at an elevated temperature, a detrimental condition
called pale, soft, and exudative (PSE) results.  PSE is defined as having a low water
holding capacity (drip loss > 5.0%) (Kauffman et al., 1993; van Laack and Soloman,
1994), an unacceptable light grayish color,  and a soft texture (Marriott and Shilling,
1998). PSE is rarely seen in pork at a pHu greater than 5.7. From an economical
standpoint the water content in muscle greatly impacts its yield weight and thus its
financial value.  From a quality  perspective, water exudate can  result in an unsightly
appearance and tougher, less juicy meat.  According to Fernandez et al. (1994), if
glycolysis is rapid yet the pH stays above 5.7, the result is a   normal   pork condition, or
red, firm, and non-exudative (RFN). RFN pork is described as having an acceptable
reddish pink color, good WHC, and a pHu greater than 5.7 but less than 6.0. Because of
this, it is favored in industry for the manufacture of value-added products because of its
good protein extractability properties (Bendall et al.,  1963; Kauffman et al. 1992). If
glycogen stores are depleted prior to slaughter then the result is a dark, firm, and dry
(DFD) pork.  Like the RFN pork, it has a high WHC but a displeasing dark color and pHu
greater than 6.0 which contributes to a shorter shelf life (Rey et al., 1976.).  According to
the National Pork Producers Council (1998), the ideal pork quality target is to achieve a
pHu between 5.6-5.9, drip loss less than 2.5%, and a reddish-pink color.
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Lipid oxidation in pork is another sensorial problem and one of the major causes
of quality deterioration in raw and uncooked meat products (Raharjo and Sofos, 1993).
Oxidative rancidity occurs during storage of meats due to unsaturated lipids coming into
contact with oxygen to produce lipid peroxy radicals.  Radicals react with oxygen to
further produce hydroperoxide byproducts (Maier and Tappel, 1959) and form aldehydes
and ketones (Cannon et al., 1995). While little research has been performed on the effect
that pH has on oxidation of raw pork, Drerup, et al. (1981) determined that  higher pH
(prerigor) ground sausage displayed lower oxidation than did lower pH (post-rigor)
ground sausage.  Similar results were reported by Keskinel et al. (1964) for ground beef
with base adjusted pH over time.
The pHu of pork can also have an affect on vacuum-packaged microbial shelflife.  
Vacuum-packaging of fresh meats at temperatures of 0-5
 C has been used for over 35
years as a means to extend storage life.  However, pork of  high pH (> 6.0) usually does
not have the extended shelflife of lower pH pork (Egan and Shay, 1984). In fact,
according to Shay and Egan (1986), vacuum-packaged pork of normal pH (5.4-5.8) was
shown to have a storage life of about 6 weeks at 0
 C while higher pH meat was
considered spoiled after only 3-4 weeks.  In an anaerobic environment (absence of
oxygen), the predominant spoilage microflora are lactic acid bacteria. 
Enterobacteriaceae and other bacteria such as Brochothrix thermosphacta and
Shewanella putrefaciens favor refrigerated temperatures, pH> 6.0, and anaerobic
environments (Jackson, 2001).  These organisms also produce putrefactive odor
compounds such as sulfides and methyl mercaptans (Newton and Gill,1980; Freeman et
5
al., 1976).  According to Newton and Gill (1978), another factor that puts pork with
extreme pHu at risk of microbial spoilage is the low quantity of glucose in the muscle
post-mortem.  In the absence of a readily available carbohydrate substrate,
microorganisms will generally immediately attack and degrade amino acids causing more
rapid spoilage as indicated by off-odors.
In aerobic storage conditions such as that of retail cuts of pork, microbial shelflife
is greatly decreased compared to the vacuum-packaged product.  This is due to facultative
anaerobes such as Enterobacteriaceae and strict aerobes such as Pseudomonas,
Aeromonas, and Alcaligenes which grow relatively rapidly under such conditions
(Jackson, 2001).  Many studies have determined that pH of meat is not as critical to the
growth of spoilage organisms when stored in aerobic conditions.  Some strains of
Pseudomonas are notably insensitive to normal meat pH and therefore reducing the pH of
DFD meat to normal values has no effect upon the growth rate of the microorganisms
(Gill and Newton, 1982; Newton and Gill, 1978).
From a food safety perspective, growth of pathogens in raw meat poses a health
risk to consumers.  Pathogens such as Salmonella, Listeria monocytogenes, Yersinia
enterocolitica and Campylobacter jejuni are of great concern to the pork industry (Duffy
et al., 2001).  Pork is a vehicle for Salmonella and because the organism is one of the
most common causes of foodborne illness associated with meat products, the United
States Department of Agriculture Food Safety and Inspection Service (FSIS) established
performance criteria for Salmonella in various animals, including hogs (FSIS, 1996). 
One strain of Salmonella of particular concern is Salmonella enterica serotype
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Typhimurium definitive type 104 (DT104) (Glynn et al., 1998).  Considered an
  emerging pathogen  , this particular strain has developed resistance to the antibiotics
ampicillin, chloramphenicol, streptomycin, sulfonamides, and tetracycline making it
difficult to treat in infected patients especially those most at risk for foodborne illness
such as infants, the elderly, and immune suppressed persons (Glynn et al.,  1998). 
Objectives
The objectives of this research were to:
1.  Determine the effect of pHu on the physical (water holding capacity), chemical
(glucose, lactate, and oxidative rancidity) and microbiological (aerobic
mesophilic, aerobic psychrotrophic, Enterobacteriaceae, and lactic acid bacteria)
shelflife of  vacuum-packaged pork loins.
2. Determine the effect of pHu on the physical (color) and microbiological (aerobic
mesophilic and Enterobacteriaceae) shelflife of pork loins cut into retail packaged
chops.
3. Determine the effect of varying pHu on growth of Salmonella enterica serotype
Typhimurium DT 104 in ground pork loin stored at 10
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According to the National Pork Producers Council (1998), ideal pork quality is 
achieved with an ultimate pH (pHu) between 5.6-5.9, a drip loss less than 2.5%, and a
reddish-pink color.   Annually, the United States pork industry loses over $100 million
due to pork quality defects.  Ultimate pH is the pH of meat at 24 hours post-mortem and 
is probably the most important characteristic of pork and one of  the  biggest contributors
to these defects and reduced sensory and microbial shelflife.  The National Pork
Producers Council conducted a quality audit evaluating the current status of the United
States  pork industry relative to the products it provides to consumers and revealed that 
the two primary pork quality problems in the U.S. are non-pleasing meat color and
inadequate water holding capacity (WHC) (Cannon et al., 1996). A 1992 audit of pork
producing packing plants (Kauffman et al., 1992) revealed that approximately 26% of
pork produced was undesirable. With U.S. exports of pork increasing over 295% since
1990 and the demand for pork rising both nationally and internationally, studies must be
performed to determine the effect that pHu has on microbial shelflife reduction (USDA
FAS, 2001).
Definition of Pork Quality   
The three attributes of fresh pork that are considered most important in
determining pork quality are color, drip loss, and pHu.  Traditionally, these characteristics
have been used to classify pork into three groups: pale, soft, and exudative (PSE), normal
or red, firm, and non-exudative (RFN), and dark, firm, and dry (DFD).  Within these
categories exist two intermediate groups: red, soft, and exudative (RSE) and pale, firm,
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and non-exudative (PFN).
  It was determined by Kauffman et al. (1992) that 16% of undesirable pork in 
packing plants was attributed to PSE conditions. PSE pork typically has an L* value >58,
48 hr drip loss >5%, and a pHu 5.4-5.8 (Kauffman et al., 1993).  PSE has a very light
grayish color and soft texture (Marriott and Shilling, 1998). These attributes are
considered unacceptable by consumers.  PSE is rarely seen in pork at a pHu greater than
5.7. Poor WHC of PSE muscle greatly impacts its yield weight and thus its financial
value.  From a quality  perspective, water exudate can result in an unsightly appearance
and tougher, less juicy meat . In addition, its poor myosin extractability properties result
in reduced protein functionality for further processing  (Bendall et al., 1963; Kauffman et
al. 1992).   However, PSE pork will usually have the longest shelflife of all the pork
classifications.  This is because  glucose content is typically  higher in lower pH pork and
serves as a carbohydrate source for spoilage microorganisms.  Utilization of
carbohydrates by these microorganisms spares amino acid degradation that leads to rapid
off-odors (Jackson et al., 2001).  
Kauffman et al. (1992) concluded that 10% of undesirable pork in  packing plants
was attributed to DFD conditions.  DFD pork typically has an L* value <52, 48 hr drip
loss <5%, and pHu >6.0 (Kauffman et al., 1993).  DFD has a high WHC making it ideal
for further processing such as sausage manufacture. It also has a more pleasing texture
and greater yield weight.  Because of its high WHC, DFD meat can also be detrimental to
some further processing such as curing of ham and bacon where reducing water activity is
a vital preservation  process (Wirth et al., 1976; Gallwey and Tarrant, 1978). The darker
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color may make consumers more accepting of the pork (Brewer and McKeith, 1999),
however if DFD pork is too brown or gray, it may be perceived as spoiled or old (Brewer,
1998). Studies have also shown that  pHu greater than 6.0 contributes to a shorter
shelflife (Rey et al., 1976.). 
Relationship Between Glycolysis and pHu, Glucose, and Lactate
While many factors can influence pHu in pork such as swine genetics (van Laack
and Kauffman, 1999), it has been determined that glycolytic potential (the sum of glucose,
glycogen, and the potential lactate they produce) accounts for a maximum of 40% of the
differences in pHu of pork loin (Warriss et al., 1989; Fernandez et al., 1992; Maribo et al.,
1999; and van Laack and Kauffman, 1999) .  When a living pig is at rest, the pH of its
muscle is close to neutral (7.18 to 7.30); (Bendall, 1973).  After death, the flow of blood
ceases and thus the oxygen and glucose supply to the muscle are lost.  Glycogen, a
branched polysaccharide comprised of ±-D-glucose units, is the main storage carbohydrate
present in animal cells (Stryer, 1998).  Glycogen phosphorylase is responsible for the
hydrolysis of glycogen to glucose-1-phosphate (Pearson and Young, 1989).  Immediately
post-mortem, anaerobic glycolysis commences and one molecule of glucose breaks down
resulting in a net gain of two adenosine triphosphate (ATP) and two lactate molecules.  A
decline in pH is the result of lactic acid accumulation (Bendall, 1973). 
The pH of pork muscle  usually declines to 5.4 to 5.7 for longissimus muscle
(Bendall, 1973). However, certain types of diet or starvation can affect pH decline.  If the
animal has been without food for a considerable amount of time, glycogen stores in the
muscle may be expended.  This will cause the afore mentioned limited ATP and lactic acid
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production (Greaser, 1986).  If glycogen reserves are low in pigs before slaughter,
breakdown to glucose is hampered and production of lactate post-mortem is reduced 
leading to insufficient pH decline.   The result is a pHu above 6.0 and the condition of
DFD pork.   
Physical and psychological stress that the pig may experience pre-slaughter such as
that due to excessive exercise, being frightened, or slaughter technique could cause a rapid
rate of glycolysis, faster ATP and heat production, and thus an increase in body
temperature (Honikel, 1992; Fernandez and Tornberg, 1991). If glycolytic conversion
takes place too quickly post-mortem, lactic acid is produced too fast.  Therefore, glucose
and lactate content will be higher resulting in the condition of PSE pork. In addition,
elevated muscle temperature throughout the glycolysis process causes a pHu decline to
less than 5.7 resulting in PSE pork (Bendall and Wismer-Pedersen, 1962; Fernandez et al.,
1994).  
Water Holding Capacity
One of the  primary pork quality problems in the United States is inadequate water
holding capacity (WHC) (Cannon et al., 1995).  The National Pork Producers Council
(1998) suggests that the ideal pork quality target is  a pHu between 5.6-5.9 and a drip loss
less than 2.5%.  Water holding capacity can best be defined as the ability of meat to hold 
its own or added water during application of any force (Hamm, 1986).  While drip loss
from a carcass is negligible, drip from pork broken into primal cuts can range from 0.1 to
1% then increase and surpass 10% when fabricated or cut into chops (Offer and Knight,
1988).  Almost all procedures for the storage and processing of meat such as
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transportation, aging, freezing and thawing, drying, mincing, salting, curing, canning, and
smoking are influenced by the WHC (e.g. greater WHC resists the drying process)(Hamm,
1986). From an economic standpoint, pork with a high water holding capacity is pleasing
because moisture retention greatly impacts its yield weight and thus its financial value. 
From a quality  perspective, exudation of water and drip loss can results in an unsightly
appearance and tougher, less juicy meat . Exudate water contains two-thirds of the protein
concentration of whole pork, so drip loss is a costly waste of animal protein (van Laack
and Solomon, 1994).  Pork with high WHC is ideal for certain further processing methods
such as sausage manufacture.  A lower WHC is ideal for manufacturing value-added
products such as cured  ham and bacon where reducing water activity is a vital
preservation  process (Wirth et al., 1976; Gallwey and Tarrant, 1978).  
 Myofibrillar proteins play the most critical role in binding  tissue water and added
water (Hamm, 1986).  Fresh pork at slaughter contains approximately 75% water. Eighty-
five percent of muscle tissue water is located intracellularly (Hamm, 1975), primarily in
the spaces between the thick and thin filaments and also in the sarcoplasm and connective
tissue (Offer and Trinick, 1983).  The remaining 15% of tissue water is located
extracelluarly (Hamm, 1975).  About 10% of water is tightly bound to proteins by
hydrogen bonds (Wismer-Pedersen, 1987) and remains immobile and unaffected 
throughout the rigor process (Hamm, 1986), but the remaining free and   loosely   bound
water moves easily out of the myofibrillar spacing (Offer et al., 1989).
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Effect of pH on water holding capacity.
Changes in pH, ionic strength and sarcomere length can affect interfilament
spacing (Offer and Trinik, 1983). Myofibrils have a three dimensional network of
filaments making up a lattice formation that is capable of changing in volume (Offer and
Knight, 1988).  Offer and Trinik (1983) stated that the variation in filament spacing
corresponds to a three-fold change in myofibrillar structure, and thus, the amount of water
retained or lost depends on the space available for water between the filaments. After
slaughter, the pH of meat drops.  As the pH drops, especially if it does so quickly, proteins
denature.  At a pH of 5.0, WHC is at a minimum and directly corresponds to the isoelectric
point (IP) of myosin and actomyosin which are the two chief myofibrillar proteins. The net
charge of protein is lowest (near zero) at the IP reducing repulsion between filaments and
shrinkage of the myosin heads.  This affinity and interaction between filaments forces
water from the system and expels it from the pork.  Furthermore, at this pH, intermolecular
salt linkages between negatively and positively charged groups are greatest thus pushing
water out of the spaces (Hamm, 1986). An increase of interfilament spacing results by
raising the net negative charge (creating greater repulsion between filaments) with an
increasing pH away from the IP therefore allowing more water to be held and retained. In a
study performed by Irving et al. (1990), it was determined that filament spacing increased
linearly from 40 to 46 nm with pH increase in the range of 5.2 to 6.4.  Filament spacing
ceased to increase in excess of pH 6.4. Wilson and van Laack (1999) have shown that, at
24 hr post-mortem, fresh pork longissimus muscle of higher pH demonstrated less drip
loss with 9 and 2.4 % drip loss at pH 5.3 and 5.7 respectively.  Likewise, Joo et al. (1999)
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showed that pork loin muscle of increasing pH values 5.34 to 6.47 demonstrated
descending drip loss values of 10.5 to 1%, respectively.   Van der Wal et al. (1988) also
found similar results in DFD,   normal   and PSE pork loins with  pHu of 6.6, 5.6, and 5.4
and percentage drip loss of 1.7, 3.0, and 5.0, respectively. Honikel et al. (1986) found that




Flavor deterioration in fresh pork and further processed pork products such as
sausage can be a major problem because it limits the storage life (Drerup et al., 1981). 
Lipid oxidation is one of the major causes of quality deterioration in raw and cooked meat
products during refrigeration and storage (Raharjo and Sofos, 1993). It has been accepted
that lipid oxidation is a product of free radical formation in lipids (Labuza, 1971). 
Propagation of the oxidation process is the result of unsaturated lipids coming into contact
with oxygen to produce lipid peroxy radicals and lipid radicals which again react with
oxygen. The hydroperoxide byproducts that are formed decompose immediately and are
converted to free radicals which can further accelerate the rate of lipid oxidation (Maier
and Tappel, 1959). 
Determination of oxidative rancidity.
 The 2-thiobarbituric acid (TBA) method has been used to determine oxidative
changes in raw meats.  Throughout storage, aldehydes, hydroperoxides, and acids of lower
molecular weight are formed as a result of the oxidative decomposition of unsaturated
fatty acids. Bound malonaldehyde (MA), a three-carbon compound and a short-chain
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aldehyde resulting from this breakdown, is liberated from raw pork through digestion with
acids and distillation.  The condensation of one molecule of malonaldehyde (MA) reacts
with two molecules of TBA with the 90
 C heat and renders a red pigment with a
maximum light absorption at 530nm to 532nm.   Developed by Tarladgis et al. (1960), the
TBA test  assesses the degree of lipid oxidation rather than quantitating MA content (Gray
and Pearson, 1987).
Ockerman (1980) stated that a TBA value of 1.0 indicates a rancid and
unacceptable meat.  Some studies have indicated that off-odors due to the formation of
aldehydes and ketones could be detected in the range of 0.5 to 1.0 TBA value (Watts,
1961) while others suggest that oxidized flavors were detected by consumers at TBA
values of 0.3 to 1.0 in beef and pork (Raharjo and Sofos, 1993).  In an early study
performed by Turner et al. (1954), ground pork patties were considered   borderline
quality   at a TBA value of 0.46 and   unacceptable   at 1.2.
Effect of pH on oxidative rancidity.
 Significant lipid oxidation has been demonstrated in meat at low pH where non-
heme iron is most active (Liu and Watts, 1970).  Keskinel et al. (1964) found that when
beef sample pHs were artificially varied from 5.5 to 7.5 using ammonium hydroxide, a
significant inverse relationship existed between the pH of raw meat samples and TBA
number suggesting that non-heme iron may play a significant role in oxidation.  It has been
hypothesized that the influence of pH is through its effect on reducing enzymes in raw
meat (Stewart et al., 1965).  At a high pH, the enzymatic activity of the cytochrome system
is greatly enhanced,  reducing the activity of met-myoglobin which is a known pro-oxidant
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in raw meat (Lawrie, 1985).  Therefore, minimizing the pro-oxidant conditions slows the
tendency for lipids to oxidize.  Also,  meat pigments are maintained largely in the reduced
state when the pHu is between 6.5 and 7.0.  Furthermore, oxymyoglobin is most stable at
its isoelectric point which is 6.8 and thus it has been found that porcine oxymyoglobin
with a pHu of 6.5 exhibits greater stability against oxidation (Hine, 1970).  Another
hypothesis is that DFD pork has a higher water holding capacity and intact membrane
structure which serves as a barrier against the attack of free radicals such as hydroxyl
radicals. In contrast, it is thought that PSE pork undergoes oxidation more readily because
of its weak membrane structure. Low pHu induces protein denaturation creating holes in
the membrane bilayer that water molecules easily pass through.  With this water, free ionic
iron and iron proteins also migrate into the bilayers and promote oxidative rancidity when
free radicals are present (Nam et al., 2001). 
 Many studies have supported the relationship between pH and oxidative rancidity.
Owen and Lawrie (1975) found that when high pH was artificially induced in minced
porcine muscle, both lipid and color pigment fractions became more stable.  It was
observed that pork ground from muscle in the  prerigor state had a higher pHu than that
ground from postrigor pork and was less susceptible to lipid oxidation (Drerup et al.,
1981; Judge and Aberle, 1980; Tay et al., 1983).   While Yasosky et al. (1984) reported
similar results, they also demonstrated that sensitivity to oxidation increased dramatically
as pH decreased from approximately pHu 5.9.  Within this close pHu range (5.5-5.9), a
small decrease in pH was associated with a large increase in TBA values. Evidence
suggested that a critical pHu of 6.1 or greater is needed to attain maximum stability against
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lipid oxidation (i.e. TBA value <1.0).  Juncher et al. (2001) demonstrated that chilled pork
chops with ranging pHu of 5.7 to 6.2 had lower TBA-reactive substances in higher pHu
chops.  In support of Yasosky s (1984) findings, a definitive lipid oxidation threshold
value was observed at approximately pHu 5.8, above which the effect of pHu seemed to be
minimal (Juncher, 2001).
Effect of vacuum-packaging on oxidative rancidity.
It has been determined that oxidation in an intact muscle is minimized since the
interaction  between polyunsaturated fatty acids and  heme pigments is limited because of
the structural integrity of the intact muscle cell (Liu and Watts, 1970). Furthermore, it has
been noted that lipid oxidation is a surface effect (Ordonez and Ledward, 1977). 
Oxidation rates can be slowed by reducing the contact that meat has with oxygen through
the use of packaging (Decker and Xu, 1998).  Both vacuum packaging and modified
atmosphere packaging have been utilized in industry to reduce oxidative rancidity
(Ranken, 1994).  In a study involving precooked turkey and pork slices, meats were both
vacuum and modified atmosphere packaged and stored at 4
 C for 18 hr then for 3 months
at -20
 C (Nolan et al., 1989).  While not significantly different, vacuum-packaged samples
demonstrated a lower level of oxidation than those packaged under MAP conditions with
CO2 and N2.
Color
For the consumer, the surface color of pork is the most important quality attribute
at the time of retail purchase.  Naumann et al. (1957) state that color perception is the
single most important criterion consumers use as an indication of flavor, juiciness,
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tenderness, and freshness in retail meat. According to the National Pork Producers Council
(1998; 2000), the ideal pork quality target is to achieve a reddish-pink color (3.0-5.0 on 6
point scale) (Table1).   Consumers object to pork that is too pale or too dark.
Determination of color.
 The objective analysis of pork color is light reflectance which can be determined
with electronic colorimeters or spectrophotometers with the Minolta chromameter being
the most commonly used (Berg, 2000).  Morgan et al. (1997) describe pork color as a three
dimensional coordinate system termed the CIE L*, a*, b* system.  L* represents 
  lightness and darkness   of the pork muscle surface where values 0 = black and 100 =
white.  The  a* value indicates redness, and the b* value indicates yellowness.
Effect of pH on color.
PSE pork is unacceptable to consumers and is a very light grayish color (Marriot
and Shilling, 1998) with an L* value >58 (Kauffman et al., 1993). Abnormally pale
muscles quickly turn gray in the retail display case (Berg, 2000). DFD pork typically has
an L* value <52 (Kauffman et al., 1993).  The darker color may make consumers more
accepting of the pork (Brewer and McKeith, 1999), however if DFD pork is too brown or
gray, it may be perceived as spoiled or old (Brewer, 1998).
The pHu of pork can influence the color of pork especially when partitioned into
chops.  The mechanism of influence of pHu on the color of pork is similar to that on water
holding capacity. Pork proteins denature as pH of muscle drops. As the pH approaches the
isoelectric point (5.0) of the two myofibrillar proteins myosin and actomyosin, their charge
is close to zero resulting in an attraction among the filaments.  The shrinkage of the 
22
Table 1. The National Pork Producers Council pork quality color standards (1-6) and 
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myosin heads force water to exude from intercellular spaces and come to the surface of the
meat (Hamm, 1986).    The L* color value, while measuring lightness, is also measuring
luminosity.   Furthermore, as the proteins denature, their structure unfolds and   opens up 
thus producing more light scattering (Lawrie, 1985).  The opposite is true of DFD pork. 
The further away from the isoelectric point the pHu is (more neutral), the more negative
the net charge on the muscle filaments.  As the repulsion between filaments increases, the
interfilament spacing increases allowing  filaments to become swollen and more tightly
packed together with bound water.  The packing reduces  the adsorption of light giving a
darker appearance and forms a barrier to the diffusion of oxygen lessening oxidation
reactions (Cross et al., 1986).
Meat color is most dependent on the amount of muscle pigments present, including
hemoglobin, myoglobin, and cytochrome, as well as their chemical state. Much like lipid
oxidation, color changes in meat are oxidation reactions. Adams (1976) demonstrated that
when the pH of pork is lowered to about 5.6, heme dissociates and results in the
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development of oxymyoglobin and/or metmyoglobin.  In turn, lower pH pork gives a
lighter and paler color.   It has been demonstrated that a low pH induces myoglobin
oxidation (Chang and Taylor, 1975).    The globin protein moiety, the portion of protein
that protects the heme and causes the subsequent dissociation of oxygen from the heme as
well as the oxidation of iron molecules, becomes denatured as the pH of pork muscle
declines to the acidic range (Cross et al., 1986).  Globin confirmation is changed and is
rendered less effective in stabilizing the heme-oxygen complex (Chang and Taylor, 1975).
Acids are well-known oxidizing agents and thus oxidize unstable reduced myoglobin to
metmyoglobin (Cross et al., 1986).    Echevarne et al. (1990) found that the most unstable
muscles with respect to color had the highest reducing activities and a less effective
reducing system to affect color stability throughout the duration of storage.  That is to say
that, as pHu decreases, so does the muscle s metmyoglobin reductase enzyme activity. 
This enzyme slows the rate of myoglobin autooxidation to metmyoglobin giving a lighter
appearance in PSE pork (Owen and Lawrie, 1975).  Zhu and Brewer (1998) discovered
that metmyoglobin reductase efficiency is hampered under retail illumination conditions
during storage resulting in accelerated metmyoglobin production and pork discoloration.  
Furthermore, they found, as might be predicted from above, metmyoglobin accumulation
in samples occurred in the order:PSE> normal> DFD.
Joo et al. (1999) found that significant L* value differences existed between low
(5.3), medium (5.58 and 5.74), and high (6.47) pHu pig muscle surfaces.  Likewise, they
found that lowest pHu and highest pHu differed in respect to chroma (degree of departure
of a color from the neutral or gray color of the same value) and hue (attribute of color by
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which red and green, blue and yellow, etc. are distinguished from one another), but
intermediate pHu meat did not. Those results indicated, in accordance to literature, that
L*, chroma, and hue decreased as pHu increased. Dransfield et al. (1985) found that pork
became darker and redder as pHu increased.  Lightness (L*), hue angle, and saturation
decreased as pHu increased.  Over the range of pHu 5.6 to 6.9, L*, hue
 , and saturation
decreased from 45 to 35, 48
  to 37 
 , and 13.3 to 11.2, respectively.  Similar results were
reported by Juncher et al. (2001), Greer and Murray (1988), van Laack and Kauffman
(1999), and van der Wal et al. (1988). 
Effect of vacuum-packaging on color.
With the newer developments of less rigid and more product-conforming plastic
films, vacuum bags (i.e. barrier bags) allow for increased film-to-meat surface contact and
thus reduced oxygen content.  Smith et al. (1974) found that chops stored and retail
displayed for 3 days scored higher in consumer acceptability and had less surface
discoloration when cut from vacuum-packaged wholesale loins (stored for 5, 7, and 9 days
at 2
 C) than did chops from wholesale loins wrapped in traditional parchment paper or
oxygen permeable polyvinyl chloride barrier  film.  This study also proved that loins were
satisfactorily stored for up to 28 days in vacuum packages and provided acceptable retail
cuts.  Kropf (1980) reported that vacuum-packaged meat  remained satisfactory after 21
days of continuous display under 100 foot candles of lighting at 2
 C. Harrison et al. (1979)
showed that beef steaks cut from vacuum-packaged muscles stored for 21 days remained
brighter through 3 days of retail display than steaks cut from muscle that only underwent a
48 hr carcass chill.  The vacuum storage, in some cases, prolonged visual acceptability of
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steaks an extra day, however steaks were darker after 5 days of display and were
associated with higher metmyoglobin content. 
Pork Microbiology
One of the most important concerns to the meat industry is the control of
microorganisms because of their direct influence on food safety and shelflife of meat
products. Spoilage in pork is subjective but can best be defined as   any single symptom or
group of symptoms of overt microbial activity, manifest by changes in meat odor, flavor,
or appearance   (Gill, 1986).  Controlling bacterial growth is  crucial to pork shelflife and
has generated much interest because of the desire for longer product integrity and keeping
(Cannon et al., 1995).  Within the United States and  the international marketplace, the
demand for U.S. pork is on the rise.  United States pork exports have increased 295%
since 1990 with  Japan, Mexico, and Canada currently the top importers (USDA FAS,
2001). In a study reported in Radakovich (2002), the freshness of U.S. pork was ranked
fourth and third by Japanese and Korean importers, respectively behind other foreign
exporters and domestic sources.  Longer transportation times, varying degrees of handling,
and potential for temperature abuse throughout shipment across the country and oversees
have created the necessity for a better understanding of microbial growth under such
conditions as well as devising a better packaging system to assure the longevity of pork
products.
Sources of contamination in fresh pork.
Although it was once thought that deep muscle tissue harbored intrinsic microbial
flora, it is now clear that the internal tissues of healthy slaughter animals are free of
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bacteria at the time of slaughter if processed under hygienic conditions (Gill, 1979).  The
majority of contamination and microbial growth occurs on the meat surface.  Most
contamination occurs at slaughter and during in-plant handling and can come from a
number of sources such as ruptured lymph nodes, gastrointestinal tract fecal material,
processors   hands, non-sterile containers, and from carcass hides and foot contact
containing fecal waste and soil.  Grinding of meat for further processing can also be a
source of contamination not only from meat coming into contact with contaminated blades
but also by increasing surface area. Greater surface area of meat is advantageous to aerobic
spoilage organisms (Jay, 1996b). Otherwise, surface bacteria will not penetrate into
muscle tissue until a high bacterial load is attained and proteolytic enzymes are produced
(Gill and Penney, 1977).   Typically, meat from mammalian carcasses butchered under
appropriate hygienic conditions is contaminated by an initial microflora of 3 to 4 log
CFU/cm2 of which only 1 to 10% are capable of growth at refrigerated temperatures (West
et al., 1972).
Intrinsic factors affecting pork bacterial spoilage.
There are certain intrinsic factors associated with raw pork tissue that can affect
microbial growth including pH, water activity, and nutrient content.  The pH of pork
muscle can also influence water activity, and nutrient content.  
pHu
It has been well established that most microorganisms grow best in the neutral pH
range of 6.6 to 7.5.  When microorganisms are grown on either side of their optimum pH
range, an increased lag phase results.  When a living pig is at rest, the pH of its muscle is
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close to neutral between 7.18 and 7.30 (Bendall, 1973).   Immediately post-mortem,
anaerobic glycolysis commences and glucose breaks down and is converted to lactic acid,
thus a decline in pH (Bendall, 1973).  This lactic acid production causes the pH of pork
muscle to decline usually to a pHu of 5.4 to 5.7 for longissimus dorsi muscle (Bendall,
1973). If before slaughter glycogen reserves are low in pigs, there is less production of
lactate post-mortem resulting in an insufficient decline in pH.   The result is a pHu above
6.0 (closer to neutral) and the condition of DFD pork.
Nutrient content
Pork is a nutrient rich muscle consisting of amino acids and protein and is capable
of supporting the growth of a wide variety of microorganisms.  Glucose in muscle is also
an important energy source for bacterial metabolism.  Glucose stores in DFD meat are low
due to the exhausted source of glycogen pre-slaughter and  the  insufficient breakdown of
glycogen to glucose.   If glycolytic conversion takes place too quickly post-mortem, lactic
acid is produced too fast and glucose and lactate content will be high, an attribute of PSE
pork (Bendall and Wismer-Pedersen, 1962; Fernandez et al., 1994).
 Water activity
All microorganisms require moisture to grow.  Water activity (Aw) is used to
describe the amount of available water to support the survival and growth of
microorganisms  in a food matrix.  While most spoilage yeast and molds can grow at
minimum Aw of 0.88 and 0.80, respectively, most spoilage bacteria require at least 0.91
with Gram-negatives requiring higher Aw than Gram-positives.   Like pH, lowering of Aw
below a bacterium s optimum generally increases lag phase and decreases the size of final
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population (Jay, 1996b).  Ultimate pH can also affect the amount of bound water in pork. 
A low pHu will force shrinkage of myosin heads and attraction between filaments of
proteins and so water is lost from the muscle (Hamm, 1986).  When pHu is higher (>6.0),
filaments swell and hold more water so DFD meat has more internal moisture yet a drier
surface (Cross et al., 1986).
Extrinsic factors affecting pork bacterial spoilage.
Temperature
Temperature control (reduction) is the most efficient way to slow the enzyme-
catalyzed reaction responsible for microbiological metabolism.  The two temperature
classifications of microorganisms most commonly implicated in microbial spoilage of
meat are mesophiles and psychrotrophs. Those that grow well between 20
 C and 45
 C
with optima between 30
 C and 40
 C are mesophilic. Psychrotrophic organisms grow well
at temperatures less than 7
 C and have an optima between 20
 C and 30
 C.  Unless severe
temperature abuse takes place, most pork packaged for shipment and displayed both at the
wholesale and retail levels will be deteriorated at refrigeration temperatures (0
 C to 7 
 C)
by psychrotrophs (Jay, 1996b).
Vacuum-and aerobic-packaging of pork cuts.
Packaging serves to protect pork against microbial, physical, and chemical changes
in addition to presenting an attractive product to the consumer (Cannon et al., 1995).  For
thirty-five years, vacuum-packaging has been utilized as a means of extending the storage
life of fresh meats at temperatures of 0-5
 C (Shay and Egan, 1986). Historically pork cuts
for wholesale were wrapped in parchment paper and distributed to retail outlets. With the
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newer developments of less rigid and more product-conforming plastic films, vacuum bags
(i.e. barrier bags) allow for increased film-to-meat surface contact and thus reduced
oxygen content (Smith et al., 1974).  Exclusion of air from the package and the gradual
diffusion of any remaining headspace oxygen through the high barrier film leaves only
trace amounts of residual oxygen.  In fresh pork muscle, any remaining oxygen is utilized
quickly by the respiration process of lean muscle tissue or by aerobic and facultative
anaerobic microorganisms that will generate carbon dioxide as a by-product (Holland,
1980).  At the retail level, fresh pork cuts have been traditionally over-wrapped with
polyvinyl chloride (PVC) film without the elimination of oxygen.  Pork deterioration due
to aerobic microorganisms in the presence of oxygen greatly minimizes its shelflife
compared to anaerobic storage conditions (Smith et al., 1974).
Spoilage.
It is generally agreed that spoilage defects in meat become evident when the
surface spoilage bacteria reach approximately  7 log CFU/cm2 (Ingram and Simonsen,
1980; ICMSF, 1998). Off-odors are first detected during aerobic spoilage when
populations reach approximately 7 log CFU/cm2 and muscle tissue surface becomes sticky
at 8 log CFU/cm2 which is indicative of early slime formation (Ingram and Dainty, 1971).
If microorganisms produce hydrogen sulfide (H2S), it may combine with muscle pigment
to form sulfmyoglobin which gives pork a green discoloration. Hydrogen sulfide and
similar organic sulfides produce highly offensive odors and are organoleptically detectable
at very low levels (Nicol et al., 1970).  In the absence of glucose reserves, such as occurs
with DFD pork, early aerobic spoilage occurs usually by pseudomonads attacking amino
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acids (Newton and Gill, 1978a; Newton and Gill, 1980). Furthermore, numerous studies
have shown that pork spoilage is accelerated at elevated pHu (Egan and Shay, 1984; Greer
and Murray, 1988).
Aerobic pork spoilage
Vrana et al. (1985) demonstrated that spoilage of aerobically retail displayed chops
cut from fresh pork loin was dominated by aerobic Pseudomonas spp. During aerobic
spoilage, pseudomonads (strict aerobes) prefer to utilize glucose first compared to other
nutritional substrates.  As bacterial cell density increases and glucose stores become
depleted, spoilage microorganisms will begin to produce proteolytic enzymes that will
degrade amino acids and begin to produce volatile by-products such as sulfides and esters 
(Newton and Gill, 1978a). Within the pHu range occurring in fresh pork, pseudomonads
(i.e. Pseudomonas fluorescens), are not as significantly influenced by the changes in pHu
and are very capable of growth at low and high pHu (Rey et al., 1976; Newton and Gill,
1978a). It has been noted however (Newton and Gill, 1980),  that spoilage occurs faster
and at lower bacterial cell density (approximately 6 log CFU/cm2) in DFD meat as
compared to normal pHu meat (generally 7 to 8 log CFU/cm2); (Jay, 1996b). Other strictly
aerobic, psychrotrophic bacteria such as Acinetobacter and Moraxella greatly favor
conditions of DFD meat and are inhibited at acidic pHu (Gill, 1983; Gill and Newton,
1982). However, these two organisms do not possess the spoilage potential of the
competitive Pseudomonas because they do not readily produce malodorous compounds
during amino acid degradation (Gill, 1986). The facultative anaerobe, Alteromonas
putrefaciens, behaves similarly to Pseudomonas except that under aerobic conditions, it
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will utilize the amino acids cysteine and serine even when glucose stores are readily
available.  However, it will not produce off-odors unless the two amino acids are utilized
in the absence of glucose in which case it produces large quantities of organic sulfides
(Gill, 1986). Under anaerobic conditions, especially at pHu> 6.0, A. putrefaciens will
produce large amounts of hydrogen sulfide and meat greening will result (Gill and
Newton, 1979).
Anaerobic pork spoilage
When stored anaerobically, spoilage of pork is dominated by Gram-positive
Lactobacillus, an anaerobic, aerotolerant organism that can metabolize glucose and
arginine only and do not typically grow in excess of 8 log CFU/cm2.  Lactobacilli release
compounds only after maximum cell density is reached and typically impart a   cheesy  or
  dairy-like   sour odor in meat (Newton and Gill, 1978b; Egan and Shay, 1982).  The
second most predominant anaerobic spoilage organism is Brochothrix thermosphacta, a
Gram-positive, facultative anaerobe that can only metabolize glucose as an energy source
(Grau, 1979). B. thermosphacta is more detrimental to DFD meat because it is only
capable of anaerobic growth at pHu> 5.8 . Overall, it is not considered a highly potent
spoilage microorganism in vacuum-packaged pork. To cause spoilage, some aerobic
growth must take place to reduce residual oxygen content in the package headspace, at
which time B. thermosphacta  is able to produce a small amount of volatile acids (Gill,
1986).  A higher pHu pork (> 6.0) also favors the growth of the facultatively anaerobic,
Gram-negative Shewanella putrefaciens during vacuum-packaged storage.  This organism
is quite capable of forming sulfide compounds such as methyl mercaptans, dimethyl
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sulfide, and the   green meat   producing compound hydrogen sulfide (Freeman et al.,
1976).  The facultative anaerobic Family Enterobacteriaceae, which includes
Enterobacter, Escherichia coli, Yersinia enterocolitica, and Salmonella, grow well under
vacuum-packaged conditions.  This Family prefer to utilize glucose but can also
metabolize glucose-6 phosphate.   Enterobacteriaceae will degrade amino acids, and
similar to aerobic Pseudomonas,  will produce offensive organic sulfides and H2S which
will later form green discoloration (Gill, 1986).  
Overall, the extension of shelflife obtained with vacuum-packaged pork in
comparison to aerobically stored retail cuts is due to the dominating and competitive
nature of Lactobacillus.  In general, the end-products that contribute to spoilage by
Lactobacillus develop slowly and are not detected until high cell density is achieved.  This
genus suppresses the typical Gram-negative spoilage microflora because of its ability to
grow over a wide pH range and at lower temperatures (Egan, 1983).   Some strains of
Lactobacillus are capable of producing bacteriocins and release carbon dioxide as a
product of metabolism which will further aid in the suppression of competitive microflora
(Newton and Gill, 1978b; Roth and Clark, 1975).  Furthermore, lactic acid bacteria may
grow at Aw as low as 0.93 to 0.94 (Troller, 1979).  The presence of dominating lactic acid
bacteria will normally assure that storage life of pork will be maximum (Egan, 1983).
Shelflife studies of retail-and-vacuum-packaged storage.
Shay and Egan (1986) found that vacuum-packaged pork loins of   normal   pHu
(5.4 to 5.8) had a storage life of almost 6 weeks at 0
 C in contrast to high pH pork (> 6.0)
which was considered spoiled after 3 to 4 weeks due to greening and putrid odors.  Rey et
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al. (1976) demonstrated that microflora on retail displayed pork chops stored at 5
 C for 3
days were in the order of dark> normal> pale.  Initial counts for psychrotrophs and
mesophiles were 1.5 and 2.0 log CFU/cm2, respectively, for both dark and normal pork.
After 3 days, cell densities of 5.0 and 4.0 log CFU/cm2 were achieved on dark and normal
pork, respectively, for both psychrotrophic and mesophilic spoilage microflora. 
Mesophiles and psychrotrophs on pale pork initially were 2.0 log CFU/cm2 and reached
3.5 log CFU/cm2 after a 3 day storage.  Napravnikova et al. (2002) determined that
Lactobacillus curvatus and Lactobacillus xylosus were the chief spoilage microorganisms
of  vacuum-packaged sliced pork loin of varying pHu stored for 35 days in the dark at 3
 C. 
Their results showed that only pork with a  pHu of 5.8 to 5.95 was suitable for vacuum-
packaging up to 28 days as determined  by the production of off-odors, discolored
exudative juice, and bacterial induced discoloration.  Blixt and Borch (2002) found that
pork loin (pHu = 5.35) vacuum-packaged and stored at 4
 C for 8 weeks posed no
significant off-odor until 4 weeks of storage.  Lactic acid bacteria were found to be the
dominant spoilage microorganism in spite of having the lowest initial count.  After 5
weeks of storage, aerobic, lactic acid, Pseudomonas, Enterobacteriaceae, and B.
thermosphacta bacteria had counts of 7.5, 7.0, 5.0, 6.0, and 3.0 log CFU/g pork
respectively.  As lactic acid bacteria increased, B. thermosphacta counts remained
stationary, and eventually decreased after week 5 most probably due to competitive
exclusion.
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Pathogen Occurrence and Food Safety
As with any potentially hazardous food product, the potential for temperature
abuse and contamination during processing, shipping, and/or storage of pork is of major
concern because of the increased risk for foodborne illness.  The main source for
pathogenic bacteria on pork is the gastrointestinal system of the pig.  Contamination of
pork can occur during the slaughtering process if care is not taken to avoid puncturing the
intestinal tract which typically contains ca. 10 log CFU/g.  Freshly dressed pork carcasses
can also come into contact with pathogens via cross-contamination with fecally
contaminated animal skin or fecal- and soil-contaminated feet.    Grinding of meat for
further processing can also be a source of contamination not only from the meat coming
into contact with contaminated equipment and blades but also by increasing contact
between meat from different animals  (Jay, 1996b). Furthermore, concern has been
expressed with regard to foodborne pathogens in modified atmosphere conditions such as
vacuum-packaging.  Typically, naturally occurring spoilage microflora of pork are used as
indicators  of spoilage.  Under vacuum-packaged storage, spoilage and its associated
sensory changes are inhibited, thus concealing possible growth of pathogenic
microorganisms (Farber et al., 1990).  Most foodborne pathogenic bacteria associated with
meat are mesophiles whose growth is reduced but not necessarily  prevented by
refrigeration below 5
 C (Mackey et al., 1980).  
In recent years, attention has focused on the risks posed by the presence of
pathogenic microorganisms such as Y. enterocolitica, Listeria monocytogenes, E. coli
O157:H7 and Salmonella in packaged meat products.  These organisms have been
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implicated in meat product foodborne illness outbreaks in the past and are capable of
growth at 0-10
 C (Jay, 1996b). Another reason for the increased concern is the potential
for survival and growth  of these microorganisms in modified atmosphere packaged
products (Palumbo, 1986).  Y. enterocolitica has been isolated from a variety of animals
including cattle and sheep, but pigs are recognized as the main reservoir of the
microorganism (Robins-Brown, 2001).   In a study performed on 43 pork samples obtained
from a slaughterhouse, 8 samples tested positive for four strains of Yersinia (Harmon et
al., 1984).  A nationwide baseline data collection program performed by United States
Department of Agriculture, Food Safety and Inspection Service determined that Y.
enterocolitica was detected most often in store-packed whole muscle pork and in store
ground pork (20 and 11.5%, respectively) (FSIS, 1996a).   While more commonly found in
beef, pork is also a source of E. coli O157:H7.  In a survey of retail meats, Doyle (1991)
found that 1.5% of pork is contaminated with E. coli O157:H7.  According to Samadpour
et al. (1994), as much as 18% of pork can harbor other Shiga- toxin producing E. coli.  In
1998, there was an increased number of reported cases of illness due to L. monocytogenes
which was attributed to the consumption of contaminated cooked hot dogs and deli meats
(FSIS, 1999). In an audit performed of 24 U.S. grocery stores in 6 cities, 384 samples of
retail pork and 120 samples from slaughter and further processing plants were analyzed for
the presence of various pathogenic microorganisms (Duffy et al., 2001).    L.
monocytogenes was detected in 27% of plant samples and in 20% of retail samples most of
which were ground pork. The USDA-FSIS  nationwide baseline data collection program
determined the incidence of L. monocytogenes on chilled pork carcass surfaces to be 7.4%
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(FSIS, 1996a).  It was suggested that the higher detection of L. monocytogenes and Y.
enterocolitica was because of their ability to grow at refrigeration temperatures.  In the
same program, Salmonella were detected in 9.6 and 5.8% of retail and plant samples,
respectively.  It was determined that the greater incidences were in samples that were more
extensively handled and processed. 
In spite of the favorable growth conditions that vacuum-packaged pork provides
for the strict anaerobic pathogen Clostridium botulinum (non-proteolytic), there is little
concern over any safety risk posed by the organism (Hauschild et al., 1985).  C. botulinum
is not psychrotrophic, so growth will not occur as long as the pork is held at refrigerated
temperatures.  It is likely that C. botulinum would signal ample warning to retailers and
consumers of unsatisfactory product safety because of sensory deterioration due to
putrefactive odors or gas formation (Hauschild et al., 1985; Lambert, et al., 1991).  
Foodborne illness.
 While cattle have been known to carry Salmonella for several years, there has
been an increasing proportion of hogs that become infected as they move from farm, to
market, to slaughter.  More specifically, the Salmonella species choleraesuis, is confined
mainly to pigs (Lawrie, 1985).  The location of Salmonella incidence occurring within the
body has been shown to vary depending upon the animal.  In pigs, Salmonella resides
mostly in the spleen, liver, bile, diaphragm, feces, and  lymph nodes (being the greatest
source) (Jay, 1996a).  Most contamination with Salmonellae is from feed, feed ingredients
(especially those made from animal by-products), water and other environmental sources
(Kraft, 1986).
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  In 2000, Salmonella was implicated in several outbreaks involving  pork products
such as ham, barbecued pork, and roasted pork (CDC, 2003).  In July 1996, in an effort to
actively address the problem of Salmonella in meat products, the USDA-FSIS selected
Salmonella as a target organism of concern because  it is one of the most common causes
of foodborne illnesses associated with meat and poultry.  The FSIS passed a Final Rule
establishing performance standards for Salmonella in animals such as hogs, steer, and
chickens as part of its Pathogen Reduction and Hazard Analysis and Critical Control Point
(HACCP) Systems  (FSIS, 1996b).  The rule required managers of meat and poultry
processing facilities to be accountable and to implement HACCP plans in all of their
plants and to systematically sample final food products for the indicator organism E. coli
biotype 1 and conduct Salmonella testing to verify that the implemented HACCP plan is
succeeding in controlling Salmonella on finished products (D-Aoust et al., 2001).
Salmonella (R-type ACSSuT).
From 1993 to 1997 in the United States, Salmonella was implicated in 357
outbreaks (13%), with 32,610 cases (38%) and 13 deaths (45%) (Olsen et al., 2000).   The
second most common Salmonella serovar implicated in foodborne illnesses was
Salmonella Typhimurium.  Of special interest is the organism Salmonella enterica serovar
Typhimurium definitive type (DT) 104 which accounted for 500 of  reported cases in the
United Kingdom in 1991 and increased to 4,006 cases in 1996 (13% of all cases of
salmonellosis).  This strain was first observed in the UK in 1984 (Ihnot et al., 1998) and by
1994, it accounted for 60% of S. Typhimurium and 30% of all Salmonella incidents in
cattle (IFST, 1997).  S. Typhimurium was also the second most commonly reported
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serotype of Salmonella in 1995 in the U.S. and accounted for 24% of 41,222  Salmonella
isolates reported that year.  Of the isolates obtained from  Salmonella outbreaks that
implicated S. Typhimurium, 7, 28, and 32% showed phage typing patterns typical of
DT104 strains in 1990, 1995, and 1996 respectively (Hosek et al., 1997). S.
Typhimurium DT 104 displays resistance to the five antibiotic agents ampicillin,
chloramphenicol, streptomycin, sulfonamides, and tetracycline and has thus been termed
R-type ACSSuT (Glynn, et al., 1998; Molbak, 1999).  More recently, some strains have
been isolated that display increasing  resistance to trimethoprim, fluoroquinolones, and
ciprofloxacin (Threlfall et al., 1996)  The emerging resistance is attributed to the
widespread use of antibiotics and antimicrobials.  The result is a severely limited range of
effective antibiotics that can be used to control the pathogen in livestock, farms, and
consumers.  It is therefore more difficult to treat and has a higher mortality rate.
Quinolones have been used for the treatment of salmonellosis, (including enteric fever) in
humans, cattle, pigs, and poultry since late 1993 until it started to display resistance. Apart
from resistance to antibiotics, S. Typhimurium DT 104 is more resistant to food processing
conditions such as acids, drying, preservatives, disinfectant, and may be slightly more heat
resistant than most strains of Salmonella (IFST, 1997).
Studies involving the relationship of pHu and  DT104 in meat.
Hooper-Kinder et al. (2002) showed that when ground beef inoculated with S.
Typhimurium DT 104 was stored aerobically in an oxygen permeable over-wrap at 10
 C,
there was no difference in growth rates for 0% DFD and 100% DFD meat (pHu
approximately 5.64 and 6.45, respectively).  It was demonstrated by Mackey et al. (1980)
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that meat inoculated with various strains of Salmonella did not show growth rate
differences at varying pH of 5.6 to 6.5 when stored at 12.5 and 15
 C, but at 10 
 C, growth
rates were more rapid on lower pH meat (pH < 5.8).  In contrast, Grau (1983) found that
when stored aerobically at 25
 C, the growth of S. Typhimurium was markedly reduced as
the pH fell below pH 5.6. Furthermore, the lag phase of the organism grown aerobically on
lean tissue at pH > 6.0 was 6 times shorter than at pH < 5.5. A similar trend was observed
with anaerobically stored beef.  
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PART III
 RELATIONSHIP BETWEEN ULTIMATE pH AND SHELFLIFE OF
VACUUM-PACKAGED PORK LOINS FROM A MICROBIAL,




Pork muscle pH is an important characteristic affecting sensory quality and
shelflife.  Studies  were conducted to determine the effect that ultimate pH (pHu) of pork
loin had on shelflife from the perspective of microbial growth, glucose and lactate content,
oxidative rancidity, drip loss, and off-odors in vacuum-packaged loins stored at 4/C. 
Thirty-six pork loins (pH range = 5.56-6.57) were collected at a commercial slaughter
facility one day post-slaughter. All pigs were from the same genetic line.   Loins were
grouped as follows (group:pH range): A:5.55-5.70, B:5.71-5.85; C:5.86-6.00; D:6.01-
6.15; E: > 6.16. At days 0, 6, 14, 24, and 34, microbial analyses for aerobic (APC),
psychrotrophic (PPC), Enterobacteriaceae (EC) and lactic acid bacteria (LAB) plate
counts were obtained. Glucose and lactate concentrations were determined on each of the
five days.  Oxidative rancidity on days 0 and 34 for groups A and E were determined using
the 2-thiobarbituric acid (TBA) distillation process.  Percent drip loss (purge) was
determined on days 6, 14, 24, and 34.  All data were analyzed using ANOVA, General
Linear Model Procedure using the Student-Newman-Keuls mean separation.  Significance
was defined as  (P< 0.05).
For APC, populations of groups A and B were lower than C-E and group A was
consistently 1.5-2.5 logs lower than groups C-E. Time to reach 7.0 log CFU/cm2 for group
A was approximately 12 days longer than groups C-E. For PPC, group A was lower than
groups B-E over the storage period. Group A APC was consistently 1.5-2 logs lower than
groups C-E from day 14 to 34.  For EC, groups A-C were lower than groups D and E.
Group A EC was consistently 1.5-3 logs lower than groups C-E for 34 days. There was no
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significant difference between EC of group A at day 34  and group E at day 14.  LAB growth
was not influenced by pHu.  Aerobic plate count microorganisms in group A displayed a lag
phase of 14 to 24 days versus 6 to 14 days for groups B-E.  No off-odors were detected until
days 24 and 34.  All had between 7.4 and 9.2 log CFU/cm2 and most were from pH group E.
No differences in  glucose concentration existed within each pHu group throughout storage.
Group A consistently had 5.6-9.4 :mole more glucose/g pork than groups C-E.  Group B
had 3.2-6.0 :mole more glucose/g pork than groups C-E on all days except 34.  No lactate
differences existed within each pHu group throughout storage except for group E on  days
0 and 34.  Group A lactate concentration was greater than groups C-E, D-E, E, and C-E on
days 0, 6, 14, and 24 respectively.  No group differences were observed on day 34.  For TBA,
no differences were observed within each  pHu group for days 0 and 34.   However, group
A had a higher TBA value than group E at days 0 and 34.  Group  A displayed its greatest drip
loss at days 24 and 34 and was 4.6 and 3.9% greater  than group E on respective days.
Group A displayed  greater percent drip loss than groups D and E at day 6 and groups B-D
on days 24 and 34.  
Based on these results, a pork pHu of 5.8 to 5.9 is optimum to provide a shelflife of
at least 24 days with minimal off-odors and  lower drip loss and oxidation. 
Introduction
According to the National Pork Producers Council (1998), ideal pork quality is 
achieved with an ultimate pH (pHu) between 5.6-5.9, a drip loss less than 2.5%, and a
reddish-pink color.   Annually, the United States pork industry loses over $100 million due
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to pork quality defects.  Ultimate pH, or the pH of the meat at 24hr post-mortem, is
probably the most important characteristic of pork and a major contributing factor to
defects and reduced sensory and microbial shelflife.   
When a living pig is at rest, the pH of its muscle is close to neutral (7.18 to 7.30;
Bendall, 1973). Immediately post-mortem, anaerobic glycolysis commences and glucose
degrades yielding a net gain of two adenosine triphosphate and two lactate molecules
which results in a decline in pH between 5.4 to 5.7 due to the  accumulation of lactic acid
(Bendall, 1973).  If glycogen reserves are low at slaughter, there is less production of
lactate post-mortem resulting in an insufficient decline in pH (pH> 6.0) and the condition
known as “dark, firm, and dry” (DFD) pork.  If glycolytic conversion takes place too
quickly post-mortem, lactic acid is produced too fast.  Therefore, glucose and lactate
content will be high, an attribute of the condition of “pale, soft, and exudative” (PSE)
pork.  In addition, elevated muscle temperature throughout the glycolysis process causes a
pHu decline to less than 5.7 resulting in PSE pork (Bendall and Wismer-Pedersen, 1962;
Fernandez et al., 1994).  Glycolytic potential (the sum of glucose, glycogen, and the
potential lactate they produce) accounts for a maximum of 40% of the differences in pHu
of pork loin (Warriss et al., 1989; Fernandez et al., 1992; Maribo et al., 1999; and van
Laack and Kauffman, 1999). 
The shelflife of fresh pork is a function of the initial contamination level and
growth rate of contaminating microorganisms.  The majority of contaminating
microorganisms occurs on the meat surface.  Typically, meat from mammalian carcasses
slaughtered under appropriate hygienic conditions may be contaminated by an initial
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microflora of 3 to 4 log  CFU/cm2, of which  1 to 10% are capable of growth at
refrigeration temperatures (West et al., 1972).  It has been well established that most
microorganisms grow best in the neutral pH range of 6.6 to 7.5.  Enterobacteriaceae and
other microorganisms  such as Brochothrix thermosphacta and Shewanella putrefaciens
grow better at a  pH> 6.0 (Jackson, 2001).  These microorganisms also produce
putrefactive odor compounds such as sulfides and methyl mercaptans (Newton and Gill,
1980; Freeman et al., 1976) as a result of low quantities of glucose in DFD pork ( Newton
and Gill, 1978a).  In the absence of readily available glucose stores,  microorganisms will
immediately degrade amino acids and produce putrid odors causing early spoilage.  PSE
pork is not as susceptible to the same accelerated level of spoilage because it is of a more
acidic pHu and contains more glucose available for microbial metabolism. 
 For over 35 years, vacuum-packaging has been used as a means of extending the
storage life of fresh meats at temperatures of 0-5/C (Shay and Egan, 1986).  However,
pork of  high pH (> 6.0) usually does not achieve the extended vacuum-packaged shelflife
similar to that of lower pH pork due to offensive odors and greening (Egan and Shay,
1984). According to Shay and Egan (1986), vacuum-packaged pork of “normal” pH (5.4-
5.8) had a storage life of about 6 weeks at 0/C while in contrast, higher pH meat was
considered spoiled after 3-4 weeks.  Likewise, refrigeration may inhibit growth of
mesophilic bacteria, but at the same time promote growth of Gram-negative
psychrotrophic bacteria (Jackson, 2001).  Enterobacteriaceae,  B. thermosphacta and S.
putrefaciens favor refrigerated temperatures, pH> 6.0, and anaerobic environments
(Jackson, 2001) but the predominant spoilage microflora are lactic acid bacteria favoring a
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wider range of pH. 
Water holding capacity (WHC) is the ability of meat to hold its own or added
water during application of  force (Hamm, 1986).  Pork  with a high WHC can impact
yield weight and thus financial value. Drip loss results in an unsightly appearance and
tougher, drier meat. Exudate water contains ca. two-thirds of the protein concentration of
whole meat, so drip loss is a costly waste of animal protein (van Laack and Solomon,
1994).  Changes in pH, ionic strength and sarcomere length can affect interfilament
spacing of the muscle, thus the amount of water retained or lost depends on the space
available for water between the filaments (Offer and Trinik, 1983). At pH 5.0, which
directly corresponds to the isoelectric point (IP) of the two chief myofibrillar proteins
myosin and actomyosin, the net charge of the proteins are minimal thus causing a
reduction of repulsion between filaments and shrinkage of the myosin heads which forces
water from the pork muscle. As pH increases above the IP, it creates greater repulsion
between filaments and allows more water to be retained (Hamm, 1986) . 
Lipid oxidation is one of the major causes of quality deterioration in raw and
cooked meat products during refrigeration and storage.  Oxidized flavors can be detected
by consumers at 2-thiobarbituric acid (TBA) values of 0.3 to 1.0 in beef and pork
(Raharjo and Sofos, 1993).  Higher pHu muscle (DFD condition) is less susceptible to
oxidation because the enzymatic activity of the cytochrome system, which functions to
reduce pro-oxidant activity of metmyoglobin, results in slower oxidation (Lawrie, 1985).  
DFD pork also has a higher WHC and intact membrane structure which serves as a barrier
against the attack of free radicals. Oxidation is also  slowed by reducing meat surface
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contact with oxygen through the use of vacuum-packaging (Decker and Xu, 1998;
Ranken, 1994).  
The objective of this study was to determine the effect that pHu had on the
microbiological (aerobic mesophilic, aerobic psychrotrophic, Enterobacteriaceae, and
lactic acid bacteria), chemical (glucose, lactate, and oxidative rancidity), and physical
(water holding capacity) attributes of  vacuum-packaged pork loins and to determine the
optimal pHu at which maximum shelflife could be achieved.
Materials and Methods
Pork loin handling and pH assignment.
Thirty-six pork loins were shipped on ice  from The Pig Improvement Corporation,
USA (Franklin, KY) to The University of Tennessee Meats Laboratory within 48 hr post-
slaughter.  All pigs were from the same genetic line.  The pH of each loin was measured in
four randomly selected locations immediately with an Orion Model 250A hand held pH meter
(Orion Research, Inc., Boston, MA) equipped with a Mettler-Toledo combination spear tip
glass electrode (Mettler-Toledo Process, Analytical Inc., Wilmington, MA) inserted
approximately 2cm into the muscle.  It was determined that loins ranged from pH of 5.55 to
6.57.  Each loin was randomly assigned a number between 1 and 36 for identification
purposes and was cut into four equal portions.  Sections were placed into appropriately
numbered and lettered B900 plastic barrier bag (Cryovac Sealed Air Corp, Duncan, SC), a
multilayered polyolefin with gas barrier properties (OTR 3-6ml/ m2/24hr at 4.4/C and 0%RH)
and vacuum packaged using a Multivac® packaging machine (Koch, Kansas City, MO).
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Vacuum packaged, quartered loins were stored at 4/C. 
Microbiological analysis.
Microbiological analysis on the vacuum-packaged pork samples was performed on
days 0, 6, 14, 24, and 34. Day 0 samples were taken immediately before vacuum-
packaging.  On each subsequent sampling day, pH was measured immediately after
removal of samples for microbial analysis.  On each of the five sampling days, one
randomly chosen quarter from each sample number was opened aseptically. 
Microbiological samples were removed using an ethanol and  flame sterilized stainless
steel cork borer (2.95cm diameter) with an area of 6.83cm2.  The exterior surface of the
muscle was bored in 1-2 mm deep, the muscle piece cut with a flame sterilized scalpel, and
flame sterilized forceps used to remove the samples.  Two samples were taken from the
surface of each loin.  Both core samples (total surface area 13.7cm2) were placed into
filter-stomacher bags (Fisher Scientific, Pittsburgh, PA) and diluted 10-fold with 137 ml of
0.1% peptone water (Bacto Peptone; Difco; Becton-Dickinson; Sparks, MD).  Samples
were pummeled on high speed for 2 minutes using a stomacher blender (Seward Lab
Blender 400; Tekmar; Cincinnati, OH).  Blended samples were plated onto agar surfaces
using a Whitley Automatic Spiral Plating System (Microbiological International; K&R
Technologies; Frederick, Maryland).  Standard Methods Agar (Difco) was used for
determining aerobic mesophilic and psychrotrophic plate counts (APC and PPC
respectively).   DeMan, Rogosa, Sharp agar  (Difco) was used for the determination of
lactic acid bacteria (LAB) counts.  Violet Red Bile + 10% glucose (VRB-G, Difco) was
used for the determination of Enterobacteriaceae counts (EC). Inoculated VRB-G plates
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were overlaid with molten VRB-G after the inoculum was absorbed.  Plates for APC and
EC were incubated aerobically at 32/C for 48 hr,  LAB plates were incubated
anaerobically in a Gas Pak anaerobic jar system (BD Diagnostic Systems; Sparks, MD) at
32/C for 48 hr, and plates for PPC were incubated at 10/C for 7 days.  For APC and PPC,
all colony forming units were enumerated.  For EC, all typical coliform colonies were
counted (purple with zone of precipitated bile).  For LAB, catalase negative colonies were
counted following flooding plates with 3% hydrogen  peroxide. Results were reported as
log colony forming units (CFU) per cm2 . 
Drip loss determination.
Initial weights of loin quarters were taken on each of the sampling days
immediately prior to microbiological analysis using a top loading balance (Sartorius;
Edgewood, NY ).  Loins were taken out of their bags and weighed. The amount of purge
from vacuumed samples was determined at days 6, 14, 24, and 34.  Percentage drip loss
was calculated as follows:  %drip loss= [ {initial weight-final weight} / initial weight] X
100. 
Oxidative rancidity analysis.
Ten grams of pork from sampling days 0 and 34 were removed from each loin
quarter post microbiological sampling for the determination of possible oxidative rancidity. 
The thiobarbituric acid test (Appendix B) as developed by Tarladgis et al.(1960) and
modified by Rhee (1978) was used.   Samples were homogenized (Brinkmann Polytron,
Model PT 10/35, Westbury, NY) with propyl gallate, sodium ethylenediaminetracetic acid
(EDTA) (Sigma Chemical Co.; St. Louis, MO) and water.   Homogenates were combined
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with hydrochloric acid and water to 800 ml Kjeldahl flasks and distilled.  Distillates of
extracted malonaldehyde from samples and  1,1,3,3, tetra-ethoxypropane (Sigma) for
standards were added to 2-thiobarbituric acid reagent 
(Sigma) and heated in a water bath to develop a pink color reaction.   Absorbance was
read spectrophotometrically (Shimadzu, model UV-2101PC, Kyoto, Japan) at 532 nm and
used with standards  to calculate mg malonaldehyde/kg pork.
Glucose and lactate determination.
On each sampling day,  2g of pork were removed from each loin quarter post
microbiological sampling for the determination of glucose and lactate concentration. 
Procedure for glucose and lactate analysis (Appendix B) were conducted using
commercially available enzymatic kits and was based on procedures outlined in Bergmeyer
(1974).  The minced pork samples were added to perchloric acid and homogenized
(Brinkmann Polytron, Model PT 10/35), centrifuged (Sorvall RC 5B Plus; Dupont;
Duluth, GA) then poured through Whatman Filter paper #1 into glass test tubes. Ten
microliters of 0.01% methyl orange solution were added as an indicator dye to 5ml of
filtrates and  neutralized with potassium carbonate (Sigma). Neutralized samples were
kept on ice for 10 minutes to allow potassium chlorate to settle then centrifuged for 10
minutes.  
For glucose analysis, deionized water was added to  powdered glucose hexokinase
(Sigma), mixed, and incubated in a 30/C shaking water bath  (Precision Scientific;
Chicago, IL).   Glucose hexokinase reagent was added to samples, mixed, and incubated
in a shaking water bath. Hexokinase converts glucose and ATP in the sample to glucose-
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6-phosphate + ADP which is then broken down to 6-phosphogluconate + NADH with
glucose-6-phosphate dehydrogenase.  Absorbance was read spectrophotometrically
(Shimadzu, model UV-2101PC) at 340 nm (the wavelength at which NADH absorbs
light) and calculated.
For lactate analysis, the procedure was the same with the exception that lactate
buffer was used rather than glucose reagent.  Lactate buffer consisted of glycine buffer,
deionized water, lactate dehydrogenase, and $-nicotinamide adenine dinucleotide (Sigma). 
Sample filtrates were diluted with 900µl deionized water and mixed.  A 50µl aliquot was
added to 1.45 ml of lactate buffer and mixed.  Lactate and NAD in the samples are
converted to pyruvate + NADH by lactate dehydrogenase.  Absorbance was read
spectrophotometrically (Shimadzu, model UV-2101PC) at 340 nm and calculated.
Off-odor characterization.
At each sampling day, loins were evaluated for the presence or absence of any
detectable off-odors.  Assessment was conducted subjectively by three to four laboratory
personnel immediately after vacuum-packaged bags were cut open and the extent of odor
was rated in terms of off-odor, possible off-odor, or extreme off-odor.
Statistical analysis.
For all vacuum-packaged samples, pork loins were placed into five groups based
upon pH (Table A-2) on Day 0 and averages were taken among the samples within each
group.  Differences among and between pH groups and days were statistically analyzed
using the ANOVA, General Linear Model Procedure (Proc GLM) of SAS version 8.2
(SAS Institute; Cary, NC).  Means were separated using the Student-Newman-Keuls test. 
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Results
After completing the study, five pH ranges were arbitrarily chosen at 0.15
increments and labeled A though E.  The 36 samples were put into the ranges based on
their pHu on day 0, and the  ranges would be used throughout the duration of the vacuum-
packaged wholesale study (Table A-2). 
The mean aerobic plate counts (APC) for vacuum-packaged pork loins in groups
A and B were lower than C-E and group A was consistently 1.5-2.5 logs lower than
groups C-E at day 14 (p<0.05) (Figure A-1).  Log 7 CFU/cm2 was selected as the end-
point of shelflife because it is generally agreed that spoilage defects in meat become
evident when the surface spoilage bacteria reach approximately  7 log CFU/cm2 (Ingram
and Simonsen, 1980; ICMSF, 1998).  Time to reach 7.0 log CFU/cm2 for group A was
approximately 7 to12 days longer than groups C-E. Initial APC at day 0 were between 2.5
and 3.0 log CFU/cm2 and no significant differences among pH groups were detected
(p>0.05).  Similarly, day 6, APC were between 2.7 and 3.2 log CFU/cm2 with no
differences among groups (p>0.05).  The lag phase for the APC microflora on  vacuum-
packaged pork loins from all groups was between 6 to 14 days.  After 14 days, APC for
groups A and B were lower than group E with group A being 0.9 to 2.2 log CFU/cm2
lower than groups B-E (p<0.05).  There was no significant APC difference between group
D and E at day 14 and group A at day 24 (p>0.05).  At day 24, groups C-E APC had
exceeded 7.0 log CFU/cm2.  At that time, group A was 1.3-1.8 log CFU/cm2 and group B
was 0.9-1.4 log CFU/cm2 lower than group C-E  (p<0.05).  The APC for groups C-E at
day 24 were statistically equivalent to groups A and B at day 34 (p>0.05).  At day 34, the
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maximum APC achieved by groups A and E was 7.3 and 8.9 log CFU/cm2, respectively,
and groups A and B were lower than groups D and E (p<0.05). Regression analysis
indicated a linear relationship between APC and pHu (Figure A-2) at days 14, 24, and 34
(r2 = 0.43, 0.60, 0.55 respectively).  If 7.0 log CFU/cm2 is chosen as the endpoint of
shelflife, a pHu of 5.55 to 5.85 (groups A and B) would have a maximum shelflife of 24
days.  A pHu > 5.86 would achieve only a maximum shelflife of 14 days.  
The log CFU/cm2 of psychrotrophic plate counts (PPC) for vacuum-packaged
pork loin in group A was lower than groups B-E over the storage period (p<0.05) (Figure
A-3). Group A PPC was consistently 1.5-2.0 logs lower than groups C-E from day 14 to
34 (p<0.05).  Time to reach 7.0 log CFU/cm2 for group A was approximately 7 to12 days
longer than groups C-E.  Initial PPC at day 0 were lower than APC and were between 1.0
and 1.5 log CFU/cm2 with no differences detected among pH groups (p>0.05).  At day 34,
the maximum PPC achieved by groups A and E were 7.4 and 8.9 log CFU/cm2,
respectively, and group A was lower than groups C-E (p<0.05).  While not statistically
different, group A PPC at day 34 was 0.1 to 0.6 log CFU/cm2 lower than groups C-E at
day 24. 
 Overall, Enterobacteriaceae (EC) counts on vacuum-packaged pork loins of
groups A-C were lower than groups D and E (p<0.05) (Figure A-4).  Group A EC was
consistently 1.5-3 logs lower than groups C-E for 34 days. Time to reach 7.0 log
CFU/cm2 for group B was 6 to 10 days longer than groups C-E whereas group A never
exceeded 7.0 log CFU/cm2 over the 34 day storage. Initial EC at day 0 were similar to
PPC between 1.0 and 1.6 log CFU/cm2 and no differences among pH groups were
64
detected (p>0.05).  At day 34, groups A and B were 2.2 and 1.1 log CFU/cm2
respectively, lower than groups D and E (p<0.05).  Group A EC at day 34 was lower than
groups D and E at day 24 (p<0.05).  Overall,  EC of vacuum-packaged pork loins of
groups A and B were 0.5 to 1.0  log CFU/cm2 less than APC and PPC at days 14 and 24.
Growth of lactic acid bacteria (LAB) populations were not affected as much by
pHu as APC, PPC, and EC (Figure A-5).  Initial LAB counts at day 0 were between 1.0
and 1.1  log CFU/cm2  and did not exceed 6.3 log CFU/cm2 throughout the 34 day storage
period.   The LAB on vacuum-packaged pork loins of group A displayed lag phase of 14
to 24 days versus 6 to 14 days for groups B-E.  The only difference detected was at day
14 with group E LAB growth being 2.0 log CFU/cm2 greater than group A (p<0.05). 
Spoilage of vacuum-packaged pork loins as indicated by off-odors is illustrated in
Table A-3.  Many samples did not produce noticeable off-odors even after 34 days of
vacuum-packaged storage.  No off-odors were detected in any sample until 24 days of
storage. All samples with off-odors had 7.3 to 8.2 log CFU/cm2 and were from group E
except for two samples from group D which had only possible off-odors.  By day 34, any
samples with off-odors displayed either definite or extreme odors and had 7.4 to 9.2 log
CFU/cm2 and most were from pH groups C-E.  Seven of nine samples were from group E
while two samples were from groups A and B. At both days, sample 36 (highest pHu and
APC) was considered most spoiled and consequently, no retail cuts were made using this
loin.  By day 34, sample 7 (next highest pHu and APC) was considered highly spoiled and
again, no retail cut was made.
No difference (p>0.05) in glucose concentration was found within pHu groups
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over the storage time (Table A-4).  However there was a significant difference in glucose
concentrations among pHu groups.  For example, pork in group A contained 9.3-11.5 and
group E 1.6-2.7 :mole glucose/g of pork over the storage time.  Similarly, no differences
in lactate concentration existed  within each pHu group throughout storage, except group
E at day 34 which was greater than at days 0-24 (p<0.05) (Table A-5).  Lactate
differences among pH groups varied to a greater degree than glucose.  Group A was
greater than groups C-E, D-E, E, and C-E on days 0, 6,14, and 24, respectively (p<0.05). 
No group differences were observed on day 34 (p>0.05). 
 For TBA values (Table A-6), there were no differences observed within pHu
group A or E at days 0 and 34 (p>0.05).  However, group A had a significantly higher
TBA value than group E at days 0 and 34 (p<0.05).
  At day 6, vacuum-packaged pork loins in group A demonstrated a 3.2 to 3.0
percent greater drip loss (Figure A-6) than groups D and E, respectively (p<0.05). Day 6
percent drip loss was lower than all other days for groups B-E (1.5 to 0.7%) (p<0.05). 
Group  A displayed the greatest percent drip loss at days 24 and 34.  Group A was 2.9 to
5.1% greater than groups B-E and 2.2 to 4.3% greater  than groups B-E on days 24 and
34 respectively (p<0.05).  No differences existed among groups B-E at any storage day
(p>0.05).
Discussion
While factors such as color and drip loss must be assessed to determine the
condition of pork  (Kauffman et al., 1993; Marriott and Shilling, 1998), in the present
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study, groups D and E (pHu> 6.0) could be considered suspect DFD pork.  Likewise,
group A (pHu< 5.70) and the majority of group B (5.71-5.85) could be considered
suspect PSE (pHu 5.4-5.8) (Kauffman et al., 1993) pork for purposes of discussion.
Aerobic plate counts, which generally represent the largest group of
microorganisms enumerated in any food, are an indicator of the overall level of
contamination in the fresh pork.  It was observed that the initial level of contamination
was 2.5 and 3.0 log CFU/cm2 which is typical of mammalian carcasses slaughtered under
appropriate hygienic conditions (West et al., 1972).  These counts represent
microorganisms on the pork surface that are aerobic or facultatively anaerobic mesophiles. 
Psychrotrophic plate counts enumerate microorganisms that grow well under refrigerated
temperatures.  Since the PPC was very similar to APC, it is suggested that the majority of
microorganisms growing on the vacuum-packaged loins were psychrotrophic.  
Psychrotrophic microorganisms typically cause the majority of spoilage in meats. 
Enterobacteriaceae counts usually include lactose fermenting coliforms and glucose
fermenting microorganisms that can tolerate selective agents in VRB media and are
typically used as an indication of sanitation.  Lactic acid bacteria counts were
representative of spoilage microorganisms that grow under vacuum-packaged, anaerobic
conditions.  
The two lowest pHu groups (pHu< 5.85) had significantly lower APC, PPC, and
EC than loins with pHu> 5.86.  With an APC of 7.0 log CFU/cm2 as the shelflife endpoint,
regression results suggest that a pHu< 5.85 would achieve the maximum vacuum-
packaged shelflife of 24 days at 4/C.  A pHu> 5.86 would achieve only a shelflife of 14
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days.  In general, the majority of bacteria prefer a neutral pH (6.6-7.5) for optimal growth. 
Therefore, higher pH (like that of DFD) pork would more readily support the growth of
microorganisms. Another explanation for the higher microbial spoilage in the higher pHu
pork may be due to the competitive nature of the facultative anaerobe  B. thermosphacta. 
Typically the second most predominant spoilage organism in anaerobic conditions (Grau,
1979), B. thermosphacta is highly damaging to DFD pork because it is only capable of
growth at pHu> 5.8 and therefore is not likely to participate in the microbial spoilage of
lower pHu (PSE) pork.  Similarly, the facultatively anaerobic spoilage organism
Shewanella putrefaciens, can only grow at pHu> 6.0 (Freeman et al., 1976).  One might
speculate that growth of microorganisms might be greater on lower pHu pork because of
the greater drip loss and more moisture rich surface suitable for bacteria that favor higher
Aw.  However, this was not the case. Glucose is an important energy source for bacterial
metabolism.  In the absence of available glucose in meat, spoilage microorganisms will
begin to degrade amino acids (Newton and Gill, 1978a).  Therefore, a possible explanation
for the reduced sensory shelflife of higher pH pork is that the loins of pHu> 5.86 had
significantly lower levels of glucose.   The Family Enterobacteriaceae which includes
Enterobacter liquefaciens are heavily nutritionally dependent on glucose for metabolism,
and without it, are very capable of degrading amino acids.  Off-odors can first be detected
at populations of 7.0 log CFU/cm2 (Ingram and Dainty, 1971).  Unpleasant by-products of
amino acid degradation are offensive volatile compounds such as  methyl mercaptans and
dimethyl sulfide (Freeman et al., 1976). While B. thermosphacta is not capable of
producing large amounts of volatiles during amino acid breakdown at the anaerobic level,
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S. putrefaciens (which only grows at pHu> 6.0) and Enterobactericeae readily produce
them (Freeman et al., 1976). They also produce highly offensive odors due to hydrogen
sulfide which is also responsible for the green discoloration in pork (Gill, 1986).  Our
results adhere to these facts.   By day 24, as APC was in excess of 7.3 log CFU/cm2, some
loin samples of pHu > 6.01 were producing detectable off-odors and they increased in
samples as storage and APC progressed.  
 Usually under vacuum-packaging, fresh pork loin is dominated by LAB for
numerous reasons including their ability to produce bacteriocins and CO2 to suppress
competing microflora. They also thrive better because they are anaerobic. In the present
study,  LAB counts were, in general, much lower than APC, PPC, and EC and had a
longer lag phase.  This could be explained because growth of LAB such as Lactobacillus
develop slowly at low temperatures.  The influence of pHu was less obvious in LAB
probably due to their ability to grow over a wide range of pHs.  Likewise, LAB can only
metabolize glucose and the amino acid arginine, so they may not be as readily influenced
by the absence of glucose stores as are some other spoilage microorganisms that can
metabolize numerous amino acids to supplement their energy needs.  It is not likely that
LAB contributed to off-odors in this study, because they do not impart their typical
“cheesy” or “dairy-like” sour odors until cell densities of 8 log CFU/cm2 are achieved 
(Newton and Gill, 1978b; Egan and Shay, 1982).  
Similar to our results, Shay and Egan (1986) found that vacuum-packaged pork
loins of “normal” pHu (5.4 to 5.8) had a storage life of almost 6 weeks at 0/C in contrast
to high pH pork (>6.0) which was considered spoiled after 3 to 4 weeks due to greening
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and putrid odors.  Blixt and Borch (2002) found that pork loin (pHu = 5.35) vacuum-
packaged and stored at 4/C for 8 weeks had no significant off-odor until 4 weeks. While
LAB did not dominate the spoilage microflora in our study, Napravnikova et al. (2002)
determined that Lactobacillus curvatus and Lactobacillus xylosus were the chief spoilage
microorganisms of  vacuum-packaged sliced pork loin of varying pHu stored for 35 days
in the dark at 3/C.  However, similar to our results, they showed that only pork with a 
pHu of 5.8 to 5.95 was suitable for vacuum-packaging up to 28 days as determined  by the
production of off-odors, discolored exudative juice, and bacterial induced discoloration.  
Overall, the greatest residual amount of glucose in the pork loins was in that of the
two lowest pH groups (pHu< 5.85), and the least in the higher pH groups (pHu> 5.86).  A
similar trend was observed with residual lactate concentration.  In general, lactate
concentrations were greatest in the lowest pH group (pHu< 5.70) and in some cases pHu
5.71-5.85.  Again, lower levels were found in pork loins with pHu> 5.86.  These results
are to be expected since glucose and lactate concentration in post-mortem animal muscle
usually increases or decreases in a similar fashion. For example, if glycogen reserves are
low in pigs before slaughter, breakdown to glucose is hampered and production of lactate
post-mortem is reduced (Greaser, 1986).   Furthermore, it has been determined that
glycolytic potential (the sum of glucose, glycogen, and the potential lactate they produce)
accounts for up to 40% of the differences in pHu of pork loins (Warriss et al., 1989;
Fernandez et al., 1992; Maribo et al., 1999; and van Laack and Kauffman, 1999). 
Because all pigs used in this study were from the same genetic line, it is unlikely that
genetics played a significant role in the pHu as has been suggested in some studies (van
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Laack and Kauffman, 1999).  Pre-slaughter exhaustion of glycogen stores in the pigs due
to different stress levels most likely caused the lower glucose levels and lactic acid
production which subsequently resulted in the pork having a higher pHu (> 6.0).  This
creates the condition in pork referred to as DFD.  Greater glycogen stores in the living
animal prior to slaughter would have allowed a greater conversion to glucose to occur
after slaughter and likewise, more lactate production resulting in a lower pHu (5.4 to 5.8),
a condition referred to as PSE (Bendall and Wismer-Pedersen, 1962; Fernandez et al.,
1994). 
 Pork loins of pHu< 5.70 demonstrated a greater degree of oxidation than loins of
pHu> 6.16 after 34 days of vacuum-packaged storage.  Similar results were reported
previously (Keskinel et al.,1964; Drerup et al., 1981; Judge and Aberle, 1980; Tay et al.,
1983; Yasosky et al.,1984; Juncher, 2001).   Some studies have indicated that rancid off-
odors due to the formation of aldehydes and ketones could be detected by consumers in
the range of 0.5 to 1.0 TBA value (Watts, 1961) and oxidized flavors as low as  0.3 in
beef and pork (Raharjo and Sofos, 1993).  This would suggest that loins of pHu< 5.70
may be at risk of being rejected by consumers due to oxidation.  Less oxidation in the
higher pHu pork loins might be attributed to the fact that this pH enhances the efficacy of
enzymatic cytochrome to reduce the activity of the pro-oxidant, met-myoglobin in raw
meat (Lawrie, 1985).  Furthermore, the higher WHC found in higher pH pork, creates a
more intact (less denatured) membrane structure which serves as a barrier against the
attack of free radicals.  Regardless of pH, the TBA values throughout the 34 days of
storage were relatively low.  Because lipid oxidation is a surface effect, studies support the
71
hypothesis that excessive oxidation could have been inhibited by vacuum-packaging to
reduce the contact between the raw pork and oxygen (Decker and Xu, 1998; Ranken,
1994; Nolan et al., 1989).  
Drip loss was greatest in vacuum-packaged pork loins of pHu< 5.70.  Drip loss
dramatically increased throughout storage and was up to 8.2% at day 24 in the pH< 5.70
pork loins.  This would be expected considering that the closer pork pHu is to the
isoelectric point (IP) of actomyosin and myosin proteins (5.0), the greater the attraction
between filaments and shrinkage of myosin heads which forces water out of intercellular
spaces (Hamm, 1986).  Honikel et al. (1986) found that sarcomere shortening
predominantly occurs in meat with pH< 5.8. Excessive drip loss in the lower pH meat
would be ideal for value added products requiring a lower water activity (Aw ) such as
bacon, and cured hams.  However, the benefits are far outweighed by the fact that it
would render an unsightly appearance and be responsible for a greater economic loss,
nutrient loss, and tougher, dryer fresh product.    Less drip loss was observed in loins with
pHu> 6.01 which can best be explained by the fact that their pHu is furthest away from the
IP and a greater interfilament repulsion takes places allowing water to be retained within
the spaces giving a higher water holding capacity.  Results in the present study are similar
to those of other studies on pHu and WHC (van der Wal et al., 1988; Joo et al. 1999;
Wilson and van Laack, 1999).  It appeared that time in vacuum-packaged storage was not
as critical to drip loss after 14 days in the higher pH loins as in the pH< 5.7 loins.  The
National Pork Producers Council (NPPC, 1998) suggests that for ideal pork quality, pork
should have < 2.5% drip loss.  In the present study,  only vacuum-packaged pork loins of
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pHu> 5.71 stored less than 14 days at 4/C would meet the standard.
Summary
Higher and lower pHu pork does have decreasing and increasing concentrations of
glucose and lactate, respectively.  The pHu of pork does appear to influence oxidative
rancidity in fresh pork. And based on drip loss and microbiological results, a pork pHu of
5.8 to 5.9 is optimum to provide a shelflife of at least 24 days with minimal off-odors and 
lower drip loss.  Our finding would agree with the NPPC (1998) suggestion that ideal
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Table A-2. pHu of loin samples, assigned groups, and sample size for wholesale vacuum-
packaged pork loins at day 0.
Group A B C D E
pH Group 5.55-5.70 5.71-5.85 5.86-6.00 6.01-6.15 >6.15
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Table A-3.   Spoilage detection as indicated by off-odors upon opening vacuum-packaged
pork loin samples stored for 34 days. 1, 2
Sample Day Characteristic pH at Day 0 pH group Log APC/cm2
7 24 + 6.33 E 7.76
8 24 + 6.17 E 7.38
9 24 ± 6.06 D 7.33
13 24 + 6.25 E 7.98
18 24 ++ 6.16 E 8.01
20 24 ++ 6.34 E 8.20
26 24 ± 6.22 E 7.87
29 24 ± 6.03 D 7.75
36 24 ++ 6.48 E 8.23
3 34 + 5.91 C 8.62
4 34 ++ 5.74 B 6.75
6 34 + 5.64 A 7.72
7 34 ++ 6.28 E 9.21
8 34 + 6.11 D 8.64
13 34 + 6.24 E 9.00
17 34 + 6.24 E 8.52
18 34 + 6.20 E 9.03
19 34 ++; spoiled 6.25 E 8.94
21 34 ++; sour 6.04 D 8.83
26 34 ++; spoiled 6.22 E 8.85
27 34 +; sour 5.94 C 8.09
28 34 +; “old meat” 5.87 C 7.41
33 34 + 5.96 C 8.16
36 34 ++ 6.35 E 9.14
1 ±: possible off-odor;  +:  off-odor;  ++: extreme off-odor
2 Only samples demonstrating off-odors are shown above.
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Table A-4.   Least Square Mean values for glucose content (:mole/g pork) in vacuum-
packaged wholesale pork loins stored for 34 days.1
pH group A B C D E
Day
0 9.3 ab 7.2 bcd 3.6 ed 3.3 ed 2.1 e
6 9.8 ab 8.2 abc 4.2 ed 3.4 ed 2.2 e
14 9.6 ab 7.1 bcd 3.9 ed 3.5 ed 2.7 e
24 11.5 a 7.6 bc 3.7 ed 3.0 e 2.1 e
34 10.7 ab 5.5 cde 3.5 ed 2.4 e 1.6 e
1 Means with different superscripts are significantly different (P<0.05).
Table A-5.    Least Square Mean values for lactate content (:mole/g pork) in vacuum-
packaged wholesale pork loins stored for 34 days.1
pH group A B C D E
Day
0 130.8 ab 120.4 abcd 90.9 defg 90.0 fgh 60.9 h
6 120.3 abcde 120.3 abcde 90.8 defg 80.9 fgh 70.8 gh
14 130.2 abc 110.6 bcdef 100.8 bcdef 100.3 cdefg 90.2 fgh
24 140.8 a 130.5 ab 110.0 bcdef 110.3 bcdef 90.6 defg
34 130.1 abc 120.0 abcde 100.1 cdefg 110.1 bcdef 130.2 abc
1 Means with different superscripts are significantly different (P<0.05).
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Table A-6.    Least Square Means for TBA numbers1 in vacuum-packaged wholesale pork 
loins at days 0 and 342.
pH Group A E
Day
0 0.57a 0.16 b
34 0.60 a 0.17 b
1 2-Thiobarbituric acid number values are mg malonaldehyde/kg pork.




















































































The 10g samples were minced by hand and combined with 5ml 0.5% propyl gallate
(Sigma Chemical Co., St. Louis, MO), 0.5% 5ml sodium ethylenediaminetracetic acid
(EDTA) (Sigma) and 40 ml deionized water.  The  sample was homogenized using a
homogenizer (Brinkmann Polytron, Model PT 10/35, Westbury, NY) at a speed setting of 5
for approximately 1 minute.  Next, 2.5 ml 4 N hydrochloric acid (HCl) was added to the
homogenate and dispensed into an 800 ml Kjeldahl flask and 47.5ml deionized water were
used to rinse the homogenate into the flask.  Boiling beads and 1 ml of anti-foaming agent
(Arthur H. Thomas Co., Philadelphia, PA) were added.
A standard was prepared by combining 1 ml 10-4 1,1,3,3, tetra-ethoxypropane
(Sigma), 2.5ml HCl, and 92.5ml deionized water.  Samples were distilled until 50ml of
distillate were collected.  Five milliliters of distillate were combined with 5ml 0.02 M 2-thio
barbituric acid (TBA) (Sigma) reagent in a test tube.  Standards were prepared as shown
below.  All tubes were incubated at 90/C in a shaker water bath (Precision Scientific;
Chicago, IL) for 30-35 minutes.  Tubes were allowed to cool for 10 minutes. Samples were
transferred to cuvettes and the absorbance was read in triplicate using a double-beam
spectrophotometer (Shimadzu, model UV-2101PC , Kyoto, Japan) at a wavelength of 532
nm.  The concentration and average absorbency of the known standards were used to
generate a linear regression equation for each distillation run of samples. Following this, the
average of the absorbency was substituted into the following equation to calculate milligrams
malonaldehyde/kg meat:
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mg MA/kg meat = (sample mmole MA/10ml solution) * (10ml solution/5ml distillate) * (50ml
distillate / 10g meat) * (72mg MA/mmole MA) * (1000g meat/kg meat).








0 0 5 5
1 x 10-5 1 4 5
2 x 10-5 2 3 5
3x10-5 3 2 5
4 x 10-5 4 1 5
5 x 10-5 5 0 5
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Glucose and Lactate Determination
The minced pork was added to a 50ml plastic centrifuge tube.  Fifteen ml of ice-cold
0.6N perchloric acid was added.  Samples were homogenized using a homogenizer
(Brinkmann Polytron, Model PT 10/35, Westbury, NY) at a speed setting of 5 for
approximately 30 seconds.  Homogenized samples were centrifuged (Sorvall RC 5B Plus;
Dupont, Duluth, GA) for 15 minutes at 2500 rpm.  Centrifuged samples were poured through
Whatman Filter paper #1 into glass test tubes. Five milliliters of filtrate were dispensed into
smaller plastic centrifuge tubes.  Ten microliters of 0.01% methyl orange solution were added
to each tube as an indicator dye.  Samples were neutralized in 200µl increments with 5N
potassium carbonate (Sigma Chemical Co., St. Louis, MO) shaking vigorously between
aliquots to a clear color endpoint was achieved and the amounts were recorded. Neutralized
samples were kept on ice for 10 minutes to allow potassium chlorate to settle.  Tubes were
then centrifuged for 10 minutes at 1000 rpm.  
For glucose analysis, 50ml of deionized water were added to  powdered glucose
hexokinase  (Sigma) and mixed by inversion.  Hydrated reagent was incubated for 5 minutes
in a 30/C shaking water bath  (Precision Scientific, Chicago, IL).   Thirty microliters of
prepared sample were added to a 4 ml glass tube with 1.5 ml glucose hexokinase reagent and
mixed.  A blank was prepared using 30µl of deionized water.  Tubes were incubated for 5
minutes in a 30/C shaking water bath.  Samples were then added to cuvettes and absorbance
were read in triplicate using a  double-beam spectrophotometer (Shimadzu, model UV-
2101PC , Kyoto, Japan) at 340 nm. Glucose concentration was determined using the
following equation:
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(Ave sample abs - Blank abs /6.22 L/mmol )* ( volume ml of glucose reagent + sample
volume ml/ sample volume ml)* (assay volume ml + neutralizing potassium carbonate used
ml/assay volume ml) * (amt perchlorate used L/amt of pork g) * 1000 = µmole/g pork.
For lactate analysis, procedure was the same with the exception that lactate buffer was
used rather than glucose reagent.  Lactate buffer (per 6.1ml) consisted of 2ml glycine buffer,
4ml deionized water, 0.1ml lactate dehydrogenase, and 10mg $-nicotinamide adenine
dinucleotide (Sigma).  One hundred microliters of supernatant were diluted with 900µl
deionized water in a glass tube and mixed well.  A 50µl aliquot was added to 1.45 ml of
lactate buffer in a glass 4ml tube and mixed well. The equation used to calculate lactate is the
same as above. 
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PART IV
RELATIONSHIP BETWEEN ULTIMATE pH AND SHELFLIFE OF
RETAIL DISPLAYED CHOPS CUT FROM VACUUM-PACKAGED
PORK  LOINS FROM A MICROBIAL AND COLOR PERSPECTIVE 
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Abstract
Pork muscle pH is an important characteristic affecting sensory quality and
shelflife.  Studies  were conducted to determine the effect that ultimate pH (pHu) had on
the final shelflife of aerobically packaged chops stored under retail conditions (retail
display) cut from vacuum-packaged pork loins (VP) and stored for five days at 5/C  from
the perspective of microbial growth and color. Thirty-six pork loins (pH range = 5.56-
6.57) were collected at a commercial slaughter facility one day post-slaughter. All pigs
were from the same synthetic genetic line.  Loins were grouped as follows (group:pH
range): A:5.41-5.65, B:5.66-5.80; C:5.81-6.95; D:6.96-6.10; E: > 6.10. On day 0 and day
5 of retail display, APC and EC  were obtained. Also on days 0-5, retail display color
measurements were determined for L*, a*, and b* (L*=lightness, a*=redness, and b*=
yellowness) using a Minolta Spectrophotometer. Hue angle and chroma were calculated
using “a” and “b” values. All data were analyzed using ANOVA, General Linear Model
Procedure using the Student-Newman-Keuls mean separation.  Significance was defined
as  (P< 0.05).
APC for group A chops cut from day 14 VP were 1.0 to 1.6 log CFU/cm2 less
than groups C-E.  No APCs exceeded log 7 CFU/cm2.  At day 5 retail display, group A 
APC was consistently 1.0 to 1.5 log CFU/cm2 lower than group E throughout the 34 day
duration of the study and likewise did not exceed 7.0 log  CFU/cm2 until 39 days (day 34
VP). All other group APCs did not exceed 7.0 log  CFU/cm2 until 29 days (day 24  VP).
Enterobacteriaceae counts at day 0 retail display of day 6 VP ranged from 1.0 to 1.2
CFU/cm2.  Group A EC was consistently 1.0 to 2 log CFU/cm2  lower than group E at
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days 14, 24, and 34.  Furthermore, group A EC was lower than groups B-D at day 14 and
groups C and D at day 24.  No ECs exceeded 7.0 log  CFU/cm2. EC at day 5 retail display
showed that group A was lower than group E and groups C-E after days 11 (day 6 VP)
and 19 (day 14 VP), respectively. No groups exceeded 7.0 log CFU/cm2 until after 39
days (day 34 VP).  Overall, L* (lightness), hue angle, and chroma (saturation) of chop
color  was not influenced by length of storage under vacuum-packaged conditions. 
Likewise pHu did not influence hue and chroma.  Lightness values of groups A and B
were higher than group E at day 0 of retail display throughout the 34 day storage period. 
Similar results were observed after 5 days of retail display in chops cut from loins vacuum-
packaged for 14 and 24 days.  After 34 days of vacuum-packaging, group A was lighter
than groups C-E.
 The pH of group A (5.41-5.65) had a significant influence in slowing microbial
growth for APC and EC compared to E (pH > 6.10). Our results suggest that loin chops of
pHu< 5.8 cut  from vacuum-packaged loins stored for up to 24 days at 4/C could be retail
displayed for 5 days at 5/C and optimum shelflife would be achieved.  More specifically,
chops of pHu< 5.65 may be capable of achieving a shelflife of 39 days (day 34 VP).
Introduction
According to the National Pork Producers Council (1998), ideal pork quality is 
achieved with an ultimate pH (pHu) between 5.6-5.9, a drip loss less than 2.5%, and a
reddish-pink color (L* value 49 to 37).   Annually, the United States pork industry loses
over $100 million due to pork quality defects.  Ultimate pH, or the pH of the meat at 24 hr
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post-mortem,  is probably the most important characteristic of pork and a major
contributing factor to defects and reduced sensory and microbial shelflife.  
The shelflife of fresh pork is a factor of the initial contamination level and growth
rate of contaminating microorganisms.  The majority of contaminating microorganisms
occurs on the meat surface.  Slicing and grinding of meat for further processing can be a
major source of contamination. In addition, the increased surface area is advantageous to
aerobic spoilage microorganisms (Jay, 1996a). Generally, surface bacteria will not
penetrate into muscle tissue until a high bacterial load is attained and proteolytic enzymes
are produced (Gill and Penney, 1977).   Typically, meat from mammalian carcasses
butchered under appropriate hygienic conditions is contaminated by an initial microflora of
3 to 4 log CFU/cm2 of which only 1 to 10% are capable of growth at refrigerated
temperatures (West et al., 1972).   While refrigeration may inhibit mesophilic bacteria
growth, it promotes the growth of Gram-negative psychrotrophic bacteria (Jackson,
2001). 
In muscle immediately post-mortem, anaerobic glycolysis commences and glucose
degrades to lactate resulting in a decline in pH from 7.18-7.30 to 5.4-5.7 due to the 
accumulation of lactic acid (Bendall, 1973).  If glycogen reserves are low at slaughter,
there is less production of lactate post-mortem resulting in an insufficient decline in pH
(pH> 6.0) and the condition known as “dark, firm, and dry” (DFD) pork.  If glycolytic
conversion takes place too quickly post-mortem, lactic acid is produced too fast. 
Therefore, glucose and lactate content will be high, an attribute of the condition of “pale,
soft, and exudative” (PSE) pork.  In addition, elevated muscle temperature throughout the
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glycolysis process causes a pHu decline to less than 5.7 resulting in PSE pork (Bendall and
Wismer-Pedersen, 1962; Fernandez et al., 1994).   
Spoilage of refrigerated meat products exposed to air is generally the result of
growth and resultant enzyme production by Gram-negative psychrotrophic bacteria.  Off-
odors are first detected during aerobic spoilage when bacterial populations reach 7.0 log
CFU/cm2.  Muscle tissue surface becomes sticky at 8.0 log CFU/cm2 which is indicative of
early slime formation (Ingram and Dainty, 1971). If bacteria (such as those in the Family
Enterobacteriaceae or Pseudomonas  produce hydrogen sulfide (H2S), it will combine
with muscle pigment to form sulfmyoglobin which gives pork a green discoloration (Gill,
1986).  Meat at normal pH has ca. 1% glucose.  Spoilage bacteria will generally utilize the
existing glucose as a substrate initially.  As bacterial cell density increases and glucose
stores become depleted, spoilage microorganisms will produce proteolytic enzymes that
will degrade amino acids as a nutrient source and begin to produce by-products that
release highly offensive compounds such as hydrogen sulfide and esters which are
organoleptically detectable at very low levels (Newton and Gill, 1978; Nicol et al., 1970).
In the absence of glucose reserves, such as with DFD meat, initial aerobic spoilage occurs
usually by pseudomonads attacking amino acids (Newton and Gill, 1978; Newton and Gill,
1980).  Within the pHu range occurring in fresh pork, Pseudomonas (e.g. Pseudomonas
fluorescens) is not significantly influenced by changes in pHu and is very capable of
growth at low and high pHu (Rey et al., 1976; Newton and Gill, 1978).  However, the
microorganism has demonstrated greater spoilage efficacy at lower bacterial cell density
(ca. 6.0 log CFU/cm2) in DFD meat (Newton and Gill, 1980). Spoilage may also be
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caused by facultative anaerobes such as Enterobacteriaceae and strictly aerobic,
psychrotrophic bacteria such as Acinetobacter and Moraxella.  Their growth is greatly
favored by conditions of DFD meat (Gill, 1983; Gill and Newton, 1982). However, the
latter two microorganisms do not readily produce malodorous compounds during amino
acid degradation (Gill, 1986).
Color perception is the single most important criterion consumers use as an
indication of flavor, juiciness, tenderness, and freshness in retail meat (Naumann et al.
1957). Consumers object to pork that is too pale or too dark. Pale, soft, and exudative
pork, the result of excessive post-mortem lactic acid production, is a very light grayish
color (Marriot and Shilling, 1998) and has an L* value > 58 (Kauffman et al., 1993).
Abnormally pale muscles quickly turn gray in the retail display case (Berg, 2000). Dark,
firm, and dry pork typically has an L* value < 52 (Kauffman et al., 1993).  The darker
color may make consumers more accepting of the pork (Brewer and McKeith, 1999), but
if it is too brown or gray, it may be perceived as spoiled or old (Brewer, 1998).
The pHu can influence the color of pork especially when loins are partitioned into
chops.  At pH of 5.0, the isoelectric point (IP) of the myofibrillar proteins myosin and
actomyosin, there is an attraction between filaments and shrinkage of the myosin heads
which forces water to the surface of pork muscle  (Hamm, 1986). The L* color value
while measuring lightness, also measures luminosity.   For DFD pork, the pHu is further
away from the IP.  There is repulsion between filaments and they become swollen and
tightly bound (Hamm, 1986).  This packing reduces adsorption of light giving a darker
appearance and forms a barrier to the diffusion of oxygen lessening oxidation reactions
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(Cross et al., 1986). 
The objective of this study was to determine the effect that pHu had on the
microbiological (aerobic mesophilic and Enterobacteriaceae) and physical (color lightness,
hue, and chroma) attributes of pork loins cut into retail packaged chops and at what
optimal pHu maximum shelflife could be achieved.
Materials and Methods
Pork loin handling and pH assignment.
Thirty-six pork loins were shipped on ice from The Pig Improvement Corporation,
USA (Franklin, KY) to The University of Tennessee Meats Laboratory within 48 hr post-
slaughter.  All pigs were from the same synthetic genetic line.  Each loin was randomly
assigned a number between 1 and 36 for identification purposes.  Each loin was cut into four
equal portions.  Sections were placed into appropriately numbered and lettered B900 plastic
barrier bag (Cryovac Sealed Air Corp, Duncan, SC), a multilayered polyolefin with gas barrier
properties (OTR 3-6ml/ m2/24hr at 4.4/C and 0%RH)  and vacuum-packaged using a
Multivac® packaging machine (Koch, Kansas City, MO).  Vacuum-packaged, quartered loins
were stored at 4/C.
Retail display.
On vacuum-packaged sample days 6, 14, 24, and 34, vacuum-packaged loin quarters
were aseptically opened and cut into slices (ca. 2.5cm thick).  One slice from each sample was
transferred to a styrofoam tray (13.5cm X 13.5 cm) and over-wrapped with oxygen
permeable polyvinyl chloride (PVC) film (Reynolds Metal Co.; Richmond, VA).  Immediately
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after retail slices were removed, the pH of each loin was measured in four randomly chosen
locations with an Orion Model 250A hand held pH meter (Orion Research, Inc., Boston, MA)
with a Mettler-Toledo combination spear tip glass electrode (Mettler-Toledo Process,
Analytical Inc., Wilmington, MA) inserted approximately 2cm into the muscle.  Trays were
placed in a retail case setting at 5/C for 5 days.  Flourescent lights used were 4 feet in length,
Philips brand, 3000 Kevin brightness (Stokes Electric Company; Knoxville, TN) and
produced 600-700 lux. 
Microbiological analysis.
Microbiological analysis was performed on slices in retail packages at days 0 and 5.
Slices from vacuum-packaged pork loins stored 6, 14, 24, and 34 days, or a total of 228
samples, were analyzed.  Day 0 samples were taken immediately before over-wrapping with
PVC film and placing on trays. Microbiological samples were removed using an ethanol and
flame sterilized stainless steel cork borer (2.95cm diameter) with an area of 6.83cm2.  The
exterior surface of the muscle was bored in 1-2 mm deep, the muscle piece cut with a flame
sterilized scalpel, and flame sterilized forceps used to remove the samples.  Two samples were
taken from the surface of each muscle.  Both core samples (total surface area 13.7cm2) were
placed into filter-stomacher bags (Fisher Scientific, Pittsburgh, PA) and diluted 10-fold with
137 ml of 0.1% peptone water (Bacto Peptone; Difco; Becton-Dickinson; Sparks, MD).
Samples were pummeled on high speed for two minutes using a stomacher blender (Seward
Lab Blender 400; Tekmar; Cincinnati, OH).  Blended samples were plated onto agar surfaces
using a Whitley Automatic Spiral Plating System (Microbiological International; K&R
Technologies; Frederick, Maryland).  Standard Methods Agar (Difco) was used for
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determining aerobic mesophilic plate counts (APC).  Violet Red Bile + 10% glucose (VRB-
G)(Difco) was used for the determination of Enterobacteriaceae counts (EC). Inoculated
VRB-G plates were overlaid with molten VRB-G after the inoculum was absorbed.  Plates
for APC and EC were incubated aerobically at 32/C for 48 hr. For APC, all colony forming
units were enumerated.  For EC, all typical coliform colonies were enumerated (purple with
zone of precipitated bile).  Results were reported as log colony forming units (CFU) per cm2.
Color Analysis.
Color measurements for L*, a*, and b* (L*=lightness, a*=redness, and b*=
yellowness) were determined on each of the 5 days of retail display using a Minolta
Spectrophotometer (CM-508; Minolta Co.; Ramsey, NJ).  The spectrophotometer was set
for a light source of D65  and observer angle of 2/.  Standardization was performed using a
pink reference tile. Measurements were taken in triplicate through the PVC film to avoid
microbial contamination.  Hue angle was calculated using the equation (arctan b*/a*) and  
chroma (sqrt (a*2 + b *2 )).  Color analysis of days 0 and 5 retail storage at Days 6, 14, 24,
and 34 vacuum-packaged storage was reported. 
Statistical analysis.
For color analysis, retail display days of 0 and 5 were statistically analyzed based
on vacuum-packaged storage days and pH groups (Table A-7).  Differences among and
between pH groups and days were statistically analyzed using the ANOVA, General
Linear Model Procedure (Proc GLM) of SAS version 8.2 (SAS Institute; Cary, NC).  
Means were separated using the Student-Newman-Keuls test.  
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Results
  After completing the study, five pH ranges were arbitrarily chosen and labeled A
though E.  For the microbiological analysis, the 36 samples were put into the ranges based
on their pHu on day 6 of vacuum-packaged study, and the  ranges would be used
throughout the duration of the retail study (Table A-7). 
The mean aerobic plate count (APC) of retail chops at day 0 of display is shown in
Figure A-7. This count reflects primarily the surface contamination of the pork loin prior
to slicing, since the interior of the loins have low to no counts. Log 7 CFU/cm2 was
selected as the end-point of shelflife because it is generally agreed that spoilage defects in
meat become evident when the surface spoilage bacteria reach approximately  7 log
CFU/cm2 (Ingram and Simonsen, 1980; ICMSF, 1998).  No APC exceeded 7.0 log
CFU/cm2.  As might be expected, loin chop APC increased throughout the 34 day
vacuum-packaged storage with a final APC range of 5.4 to 6.3 log CFU/cm2. The counts
for the loins from which they were cut were 7.3 and 8.9 log CFU/cm2.   There were no
significant differences among pH groups at each of days 6, 24, and 34 (p> 0.05). 
 After 5 days of retail display, the effects of storage time and pHu on APC were
more obvious (Figure A-8).  This count reflects growth of the microorganisms that
contaminated the chop surface during slicing.  Chop APC exceeded 7.0 log CFU/cm2 by
day 29 (24 days under vacuum-packaging) for groups B-E and for all groups by day 39
(34 days under vacuum-packaging) ranging from 7.1 to 8.1 log CFU/cm2.  At day 19 (14 
days under vacuum-packaging), the APC for groups C-E had a maximum count of 6.6 log
CFU/cm2 because samples were under-diluted.  Thus counts may have exceeded 7.0 log
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CFU/cm2.   At day 29, group A APC was 1.2 to 1.4 log CFU/cm2 lower than groups D
and E, and group B was 1.0 log CFU/cm2 lower than group E (p< 0.05).  At day 39,
group A APC was 1.0 log CFU/cm2 lower than group E (p< 0.05).  Also, group A APC at
day 39 was lower than groups D and E at 29 days (p< 0.05).  After 5 days of retail
display, APC of chops cut from day 6, 14, 24, and 34 vacuum-packaged loins increased an
average of 2.5, 3.2, 2.5, and 1.8 log CFU/cm2,  respectively.
Generally, EC of chops displayed for 0 days were similar to APC (Figure A-9). No
EC exceeded 7.0 log CFU/cm2.  Loin chop EC increased throughout the 34 day vacuum-
packaged storage with a final EC range of 5.0 to 6.2 log CFU/cm2.   At day 34, groups A
and B EC were 1.2 and 0.9 log CFU/cm2, respectively lower than group E (p<0.05). 
After 5 days of retail display, again EC were similar to APC (Figure A-10).  At day 11 (6
days under vacuum-packaging) EC ranged from 3.1 to 4.5  log CFU/cm2.  EC did not
exceed 7.0 log CFU/cm2 until 39 days (34 days under vacuum-packaging) and ranged
from 7.1 to 7.9 log CFU/cm2.  EC of groups A-C at day 39 were no different than groups
C-E at day 19 (p> 0.05).  After 5 days of retail display, in general, EC of chops cut from
day 6, 14, 24, and 34 vacuum-packaged loins increased an average of 2.8, 3.2, 1.4, and
1.8 log CFU/cm2, respectively.
Throughout the color measurement process, pH groupings were determined on
retail display day 0 (at each of vacuum-packaged storage days 6, 14, 24, and 34).  pH
ranges were defined consistently throughout the duration, but sample size fluctuated
(Table A-8).  
Lightness value (L*) of loin chops stored for 0 days under retail display conditions
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is shown in Table A-9. These values represent the lightness of the chops immediately after
they were sliced from vacuum-packaged pork loins.  No differences in chop  lightness
were found within each pH group throughout 34 days of storage except for group A
which was lighter at days 24 and 34 (p< 0.05).  At day 14, group A chops were lighter
than group E, and group B chops were lighter than groups D and E (p< 0.05).  At day 24,
groups A and B chops were lighter than group E (p<0.05).  At day 34, group A chops
were lighter than groups C-E, and group B was lighter than group E (p<0.05).  
Lightness differences were not as obvious and pHu and length of vacuum-
packaged storage was not as critical to chops after 5 days of retail display (Table A-10). 
There were no differences detected within each pH group throughout the 39 days of the
study (p> 0.05).   There were no differences in chop lightness at 11 days (6 days under
vacuum-packaging)(p> 0.05).  At day 19, group A chops were lighter than group E, and
group B was lighter than groups D and E (p<0.05).  At day 29, groups A and B chops
were lighter than group E (p<0.05).  At day 39, group A chops were lighter than groups
C-E (p<0.05).
No differences in hue angle were detected among pH groups at either 0 or 5 days
of retail display throughout the study (Tables A-11,12) (p> 0.05).  The only exception was
at day 11 (Table A-12) where all groups were darker than subsequent days of storage
(p<0.05).
Overall, chroma values among and within pH groups at 0 days of retail display
(Table A-13) did not differ throughout the 34 days of storage. However, group B chop
chroma values were lowest after 24 days and group D was highest after 34 days of
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vacuum-packaged storage (p< 0.05).  Chroma values for chops displayed 5 days for retail
are illustrated in Table A-14.  Again, overall, pHu and length of vacuum-packaged storage
did not appear to influence differences in chroma values (p> 0.05).  Group A chop chroma
values were higher at day 19 than 11 (p< 0.05).  Group C chop chroma values were lower
at day 11 than 19 and 29 (p< 0.05).  Group D chop chroma values were  lower at day 11
than day 19 and 39 (p<0.05). 
Discussion
While other factors such as color and drip loss must be assessed to determine the
condition of pork  (Kauffman et al., 1993; Marriott and Shilling, 1998), in the present
study, groups D and E (pHu> 5.96) could be considered suspect DFD pork.  Likewise,
groups A and B (pHu< 5.8) could be considered suspect PSE (pHu 5.4-5.8)(Kauffman et
al., 1993) pork for purposes of discussion.
Aerobic plate counts are an indicator of the overall level of contamination in the
fresh pork.  These counts represented microorganisms growing on the pork surface that
are classified as aerobic and facultatively anaerobic mesophiles. These microorganisms
typically cause the majority of spoilage in meats.  Enterobacteriaceae counts usually
include lactose fermenting coliforms and glucose fermenting microorganisms that can
tolerate selective agents in VRB media and are typically used as an indication of
sanitation.
The overall trend observed was that the lowest pH group pork chops (pHu<5.7)
cut from all vacuum-packaged loins demonstrated significantly lower APC than chops
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with pHu> 6.11 after 5 days of retail display as did chops of pHu< 5.8 when cut from day
24 vacuum-packaged loins.  EC of pHu< 5.8 chops cut from days 14 and 34 vacuum-
packaged pork loins at day 0 of retail display and pHu< 5.7 chops cut from days 6 and 14
vacuum-packaged loins after 5 days of retail display were less than pHu> 6.11 chops.   If
APC of 7.0 log CFU/cm2 is chosen as a maximum guideline for the indication of spoilage,
our results suggest that loin chops of pHu< 5.8 cut  from vacuum-packaged loins stored
for up to 24 days at 4/C could be retail displayed for 5 days at 5/C and have acceptable
shelflife. Chops of pHu< 5.65 have a potential for shelflife of 39 days (34 day under
vacuum-packaging) having achieved a maximum APC and EC of 7.1 log CFU/cm2).  In
contrast, pork loin chops of pHu> 5.8 would only have a shelflife of 5 days if cut from
vacuum-packaged loins stored no more than 14 days.
Internal tissues of healthy slaughter animals are free of bacteria at the time of
slaughter if processed under hygienic conditions (Gill, 1979) and the majority of
contamination and microbial growth occurs on the meat surface. The relatively low levels
of APC and EC on chops at day 0 of retail display cut from loins stored for only 6 days
was indicative of this.  Slicing and grinding of meat for further processing such as
partitioning loins into chops can be a source of contamination for the meat via contact
with contaminated blades (Jay, 1996a). As the microbial load increased on loins stored for
greater than 6 days, the surface microorganisms were introduced onto the surface of the
chops as the blade penetrated through the muscle.  This would explain why APC and EC
on freshly cut chops increased as vacuum-packaged storage time progressed.  Another
explanation is that surface bacteria from the loins could have penetrated into muscle tissue
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after a high bacterial load was attained and proteolytic enzymes were produced (Gill and
Penney, 1977).  
  In general, bacteria prefer a neutral pH (6.6- 7.5) for optimal growth. Therefore,
the higher pH pork would more readily support the growth of spoilage bacteria.  Another
explanation for the higher microbial spoilage in the higher pHu pork may be due to the
competitive nature of strictly aerobic, psychrotrophic bacteria such as Acinetobacter and
Moraxella which greatly favor conditions of DFD pork and are inhibited at acidic pHu
(Gill, 1983; Gill and Newton, 1982).  Therefore, is not likely that these common spoilage
microorganisms participate in the microbial spoilage of lower pHu (PSE) pork.  Glucose is
an important energy source for bacterial metabolism in meats.  In the absence of available
glucose, spoilage microorganisms will degrade amino acids.  Therefore, a possible
explanation for the reduced shelflife of higher pH pork is that the pork loin slices of pHu>
5.81 had lower levels of glucose than those with pHu< 5.81.  During the retail display, it is
suggested that increases in APC and EC were due to growth of aerobic and facultative
anaerobic spoilage bacteria. The strict aerobe Pseudomonas prefers to utilize glucose first
if other nutritional substrates are available but will eventually produce proteolytic enzymes
and peptidases that degrade proteins and amino acids producing volatile by-products such
as sulfides and esters  (Newton and Gill, 1978).  Within the pHu range occurring in fresh
pork, pseudomonads, are not as significantly influenced by the changes in pHu and are
very capable of growth at low and high pHu (Rey et al., 1976; Newton and Gill, 1978). 
However sensory detectable spoilage occurs faster and at lower bacterial cell populations
(approximately 6 log CFU/cm2) in DFD meat as compared to normal pHu meat (generally
108
7 to 8 log CFU/cm2) (Newton and Gill, 1980; Jay, 1996b). The before-mentioned
Acinetobacter and Moraxella which greatly favor conditions of DFD meat and are
inhibited at acidic pHu (Gill, 1983; Gill and Newton, 1982) do not readily produce
malodorous compounds during amino acid degradation (Gill, 1986). The facultative
anaerobe, Alteromonas putrefaciens,  will utilize the amino acids cysteine and serine even
when glucose stores are readily available but only produce large quantities of organic
sulfides with offensive odors in its absence (Gill, 1986).
Vrana et al. (1985) demonstrated that spoilage of aerobically retail displayed chops
cut from fresh pork loin was dominated by aerobic Pseudomonas spp. Rey et al. (1976)
demonstrated that growth of mesophilic and psychrotrophic microflora on retail displayed
pork chops stored at 5/C for 3 days were in the order of dark (higher pH)> normal> pale
(lower pH) (5.0, 4.0, and 3.5 log CFU/cm2, respectively). Numerous other studies have
shown that pork spoilage is accelerated at elevated pHu (Egan and Shay, 1984; Greer and
Murray, 1988).  Our finding would agree with the NPPC (1998) suggestion that ideal
pork quality is achieved with a pHu of between 5.6 to 5.9.
Overall, the chops of pHu< 5.65 (L* values 43-51) and especially those pHu 5.66-
5.8 (L* values 45.5-48), were determined to be  lighter (higher L* value) and paler in
color than loins of pHu> 6.11.  Similarly, Adams (1976) demonstrated that when the pH
of pork is lowered to about 5.6, heme disassociates and results in the development of
oxymyoglobin and/or metmyoglobin resulting in a lighter color.  In the present study, loin
slices with pHu between 5.66 and 6.1 had the same lightness values (p> 0.05).  Joo et al.
(1999) reported similar results where pHu of 5.3 and 6.47 were lightest and darkest
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respectively, with intermediate pHu (5.58 and 5.74) showing no differences in lightness.  
Dransfield et al. (1985) found that pork became darker and redder as pHu increased from
pHu 5.6 to 6.9 (L* = 45 and 35, respectively).  These results, along with those reported
by Juncher et al. (2001), Greer and Murray (1988); van Laack and Kauffman (1999), and
van der Wal et al. (1988) were similar to the results in the previous study.  According to
the NPPC (2000), the descriptors that most appropriately match our determined lightness
values are “reddish-pink” to “dark reddish-pink” for chops pHu< 5.95 and dark reddish-
pink” to “purplish-red” for chops pHu> 5.96.  None would have truly been termed “pale-
gray” or “dark” as our other chemical and physical tests on the loins would have
suggested (e.g. PSE or DFD).  None-the-less, the higher pHu pork was considered darker
and may possibly be perceived as old or spoiled by consumers (Brewer, 1998). 
Some explanations for the variance in chop color could be attributed to the
influence of pH on myofibrillar proteins.  As the pHu of the pork approaches the
isoelectric point (IP) of myosin and actomyosin proteins (5.0), the proteins denature and
the myosin heads shrink forcing water out of the intercellular spaces.  The free water on
the chop surface scatters light giving it the appearance of being lighter and more luminous
(Brewer et al., 2001).  These finding agree with an earlier study where it was
demonstrated that lower pHu loins had greater drip loss.  The denatured proteins also
result in their structure unfolding thus producing more light scattering (Lawrie, 1985). 
Conversely, as the pHu of the loins diverge from the IP, the filaments become more
swollen with water and reduce the amount of light that is absorbed at the pork surface and
thus a darker appearance results (Cross et al., 1986).  Another explanations is as pH
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decreases, so does muscle’s metmyoglobin reductase enzyme activity.  Thus, myoglobin
autooxidation to metmyoglobin is slowed resulting in a lighter pork color. 
No relationships were found between pHu and chroma (degree of departure of a
color from the neutral or gray color of the same value) or hue (attribute of color by which
red and green, blue and yellow, etc. are distinguished from one another).  This is in
contrast to results in literature. Joo et al. (1999) found that chroma and hue/ increased as
pHu decreased . Likewise,  Dransfield et al. (1985) found that as pHu increased from 5.6
to 6.9,  hue and saturation decreased from 48/ to 37/, and 13.3 to 11.2, respectively.  
Our color results were not influenced by length of time stored in vacuum-
packaging or by days of retail display.   A study performed by Smith et al. (1974) proved
that loins were satisfactorily stored for up to 28 days in vacuum packages and provided
acceptable retail cuts based on muscle color, surface discoloration, and consumer
acceptability which agrees with our results.  They also demonstrated that chops retail
displayed for 3 days and cut from vacuum-packaged loins stored for 5, 7, and 9 days at
2/C had less surface discoloration and were more acceptable to consumers than those
from aerobically packaged loins wrapped in traditional parchment paper or oxygen
permeable polyvinyl chloride barrier film.  They suggested that a reasonable explanation
for this was improvements in vacuum bags (e.g. barrier bags) which allow for increased
film-to-meat surface contact and thus reduced oxygen content. However, we did not study
this aspect.  While none of the chops would have been considered pale or dark by the
NPPC’s standards (2000), this color analysis would suggest that a  pHu range of 5.4 to
5.95 would allow one to have a consumer acceptable loin chop of pleasing and storage-




The pHu of pork does appear to influence the color (lightness) of fresh pork chops
although not the chroma and hue of color.  While none of the chops would have been
considered pale or dark by the NPPC’s standards (2000), color analysis would suggest
that a  pHu range of 5.4 to 5.95 would allow one to have a consumer acceptable loin chop
of pleasing and storage-stable reddish to dark reddish-pink color.  Color attributes of
chops were not influenced by length of retail display or length of time under vacuum-
packaging.  Based on microbial results, a pork loin chop of pHu< 5.80 cut  from vacuum-
packaged loins stored for up to 24 days at 4/C could be retail displayed for 5 days at 5/C
and optimum shelflife would be achieved.  More specifically, chops of pHu< 5.65 may be
capable of achieving a shelflife of 39 days (34 day under vacuum-packaging). These
results adhere to the NPPC (1998) standards for ideal pork quality.
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Table A-7. pHu of loin samples, assigned groups, and sample size for retail pork loins at 
vacuum-packaged day 6.
Group number A B C D E
pH range 5.41-5.65 5.66-5.8 5.81-5.95 5.96-6.1 >6.10





28   5.41
1     5.53
6     5.55
2     5.61
5     5.65
16   5.64














































































































































































































































































































































































































































































































































































Table A-8. Color analysis pH groups and number of samples for pork loin chops under 
retail display conditions at vacuum-packaged days 6, 14, 24, and 34.
Group A B C D E
Day pH range 5.41-5.65 5.66-5.80 5.81-5.95 5.96-6.10 >6.10
6 7 8 6 6 9
14 5 5 8 10 8
24 1 6 8 7 13
34 1 5 9 5 14
Table A-9.  Least Square Mean values for   L* (Lightness) at Day 0 of retail display 
throughout 34 days of vacuum-packaged storage.1
pH group A B C D E
Day
6 43.5bcdef 45.7bcd 40.3def 39.0ef 39.1ef
14 44.2bcde 45.4bcd 40.9cdef 38.7ef 37.6f
24 47.6ab 47.9ab 46.8abc 42.8bcdef 40.9cdef
34 51.4a 46.2abcd 40.8cdef 41.7bcdef 39.1ef
1 Means with different superscripts are significantly different (P<0.05).
Table A-10.  Least Square Mean values for L* (Lightness) at Day 5 of retail display 
throughout 34 days of vacuum-packaged storage.1
pH group A B C D E
Day
6 45.9abcd 47.7ab 43.0bcde 43.5bcde 41.7bcde
14 46.0abcd 47.3abc 42.8bcde 39.2de 37.1e
24 47.1abc 45.6abcd 44.0bcde 40.0cde 37.6e
34 51.6a 46.5abc 44.1bcde 42.6bcde 40.5bcde
1 Means with different superscripts are significantly different (P<0.05).
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Table A-11.  Least Square Mean values for Hue angle (/) at Day 0 of retail display 
throughout 34 days of vacuum-packaged storage.1
pH group A B C D E
Day
6 62.0a 58.9ab 54.4ab 59.3ab 60.5ab
14 53.9ab 54.2ab 52.8ab 53.9ab 52.4ab
24 55.1ab 53.0ab 53.6ab 53.0ab 50.0b
34 59.6ab 56.0ab 53.3ab 54.8ab 55.3ab
1 Means with different superscripts are significantly different (P<0.05).
Table A-12.  Least Square Mean values for  Hue angle (/) at Day 5 of retail display 
throughout 34 days of vacuum-packaged storage.1
pH group A B C D E
Day
6 46.8cde 44.7de 42.0e 38.7e 39.6e
14 59.1ab 58.7ab 56.9abc 55.3abcd 53.6bcd
24 67.0a 60.9ab 57.3abc 57.9abc 55.4abcd
34 65.5ab 60.0ab 56.1abc 53.2bcd 54.5bcd
1 Means with different superscripts are significantly different (P<0.05).
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Table A-13.  Least Square Mean values for Chroma (saturation) at Day 0 of retail display 
      throughout 34 days of vacuum-packaged storage.1
pH group A B C D E
Day
6 10.2abcde 11.1abcd 9.0cde 9.1bcde 9.0cde
14 11.9abc 11.2abcd 11.3abc 8.9cde 9.4bcde
24 10.5abcde 9.7bcde 9.7bcde 7.6cde 7.8cde
34 13.2a 13.3a 11.9abc 12.5ab 10.9abcde
1 Means with different superscripts are significantly different (P<0.05).
Table A-14.  Least Square Mean values for Chroma (saturation) at Day 5 of retail display 
      throughout 34 days of vacuum-packaged storage.1
pH group A B C D E
Day
6 9.2bcde 9.8abcde 8.6cde 7.3e 8.1de
14 12.5a 12.7a 12.3ab 10.3abcd 10.9abcd
24 10.8abcd 11.7abc 12.2ab 9.9abcde 10.5abcd
34 11.3abc 11.9ab 11.0abcd 11.2abc 9.7abcde
1 Means with different superscripts are significantly different (P<0.05).
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PART V
EFFECT OF ULTIMATE pH AND STORAGE UNDER AEROBIC
AND VACUUM-PACKAGED CONDITIONS ON GROWTH OF




The pH of pork muscle is known to affect shelflife through microbial growth.
Attention has turned to the health and food safety risks posed by the presence of
pathogenic microorganisms such as Salmonella, Yersinia enterocolitica, Escherichia coli
and Listeria monocytogenes because these organisms have been implicated in foodborne
illness outbreaks associated with meats. Studies  were conducted to determine the effect
that ultimate pH (pHu) of ground pork loin and aerobic and vacuum-packaging had on the
growth of the foodborne pathogen Salmonella Typhimurium DT104.  Ground pork was
prepared with approximate pHu  5.75 (pH L) and 6.52 (pH H).   A four-strain mixture of
Salmonella enterica Typhimurium definitive types (DT) 104 was inoculated (ca. 5.5 log
CFU/g) into ground pork and equal portions of each pHu group were either vacuum-
packaged or sealed aerobically in a plastic bag.  S. Typhimurium DT104 counts were
obtained using plate count agar + 1ppm chloramphenicol (PCAC) to inhibit growth of
background microflora. Non-vacuum-packaged samples were analyzed after 0, 2, 4, 6, and
8 days of storage and vacuum-packaged samples after 0, 3, 6, 9, 12, and 15 days. All data
were analyzed using ANOVA, General Linear Model Procedure using the Student-
Newman-Keuls mean separation.  Significance was defined as  (p< 0.05).
Growth of S. Typhimurium DT 104 was significantly less in vacuum-packaged
 ground pork of pHu = 5.75 than ground pork of pHu = 6.52 throughout the study except
at day 15 (p< 0.05).  S. Typhimurium DT 104 in pH L displayed a lag phase of 3 to 6 days
versus < 3 days for pH H. pHL was 1.5 log CFU/g lower at day 3 than pHH (p< 0.05).  At
day 6, S. Typhimurium DT 104 was 7.8 and 8.6 log CFU/g for pHL and pHH, respectively
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and was stationary for the remainder of storage except for pHL day 15 which was higher
and increased to 8.4 log CFU/g (p<0.05).  Aerobic packaging of the inoculated ground
pork resulted in faster growth of S. Typhimurium DT 104.  S. Typhimurium DT 104 in
pHL was consistently 0.7 to 1.0 log CFU/g lower than pHH throughout the storage of 8
days (p< 0.05).  Growth was significantly higher at each day of sampling throughout the
duration of the study for both groups (p< 0.05).  S. Typhimurium DT 104 in pHL reached
8.65 log CFU/g in 8 days in aerobic packaging compared to 15 days in vacuum-packaging. 
These results suggest that higher pH pork allows more rapid growth of S. Typhimurium
DT104 than lower pH pork.  Vacuum-packaging can extend the lag phase of S.
Typhimurium DT104 in lower pH pork and slightly slow its growth compared to aerobic
packaging.  S. Typhimurium DT 104 in pHH reached 9.6 log CFU/g at day 8. 
Introduction
As with any food product, the potential for temperature abuse and contamination
during processing, shipping, and/or storage of pork is of major concern because of
increased risk for foodborne illness due to presence of pathogens.  Sources of pathogenic
bacteria on fresh pork are contact with  fecal waste from the gastrointestinal system and
cross-contamination with feces or soil on animal skins or feet. Cross contamination can
also occur through equipment or food contact surfaces (Jay, 1996). Furthermore, concern
has been expressed with regard to foodborne pathogens in modified atmosphere
conditions such as vacuum-packaging.  Under vacuum-packaged storage, spoilage and its
associated sensory changes are inhibited thus allowing growth of pathogenic
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microorganisms in the absence of spoilage (Farber et al., 1990). 
Raw pork may be contaminated by pathogens such as Salmonella, Yersinia
enterocolitica, or Listeria monocytogenes.  In an audit performed (Duffy et al., 2001) of
24 U.S. grocery stores in 6 cities using 384 samples from retail pork and 120 samples
from slaughter and further processing plants,  Y. enterocolitica was detected most often in
store-packed whole muscle  and in store ground pork (20 and 11.5%, respectively).
Salmonella was detected in 9.6 and 5.8% of retail and plant samples, respectively.  The 
U.S. nationwide baseline data collection program determined the incidence of L.
monocytogenes on chilled pork carcass surfaces to be 7.4% (FSIS, 1996a). 
 From 1993 to 1997, in the United States, Salmonella was implicated in 357
outbreaks, 32,610 individual cases, and 13 deaths (Olsen et al., 2000).  In 2000,
Salmonella was implicated in several outbreaks involving  pork products such as ham,
barbecued pork, and roasted pork (CDC, 2003).   In July 1996, in an effort to actively
address the problem of Salmonella in meat products, the United States Department of
Agriculture Food Safety and Inspection Service (USDA-FSIS) selected Salmonella as a
target organism of concern because  it is one of the most common causes of foodborne
illnesses associated with meat and poultry.  The FSIS passed a Final Rule establishing
performance standards for Salmonella in animals such as hogs, steer, and chickens as part
of its Pathogen Reduction and Hazard Analysis and Critical Control Point (HACCP)
Systems  (FSIS, 1996b).  The rule required managers of meat and poultry processing
facilities to be accountable and to implement HACCP plans in all of their plants and to
systematically sample final food products for the indicator organism E. coli biotype 1 and
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conduct Salmonella testing to verify that the implemented HACCP plan is succeeding in
controlling Salmonella on finished products (D-Aoust et al., 2001).
Foodborne Salmonella infections have become a major problem in industrialized
countries such as the U.S., Denmark and the United Kingdom (IFST, 1997).   The second
most common Salmonella serovar implicated in these foodborne illnesses was Salmonella
Typhimurium.  Of special interest is the organism Salmonella enterica Typhimurium
DT104 which accounted for 4,006 cases in 1996 (13% of all cases of salmonellosis) in the
U.K. (IFST, 1997).  S. Typhimurium was also the second most commonly reported
serotype of Salmonella in 1995 in the U.S. and accounted for 24% of 41,222  Salmonella
isolates reported that year.  Of the isolates obtained from  Salmonella outbreaks that
implicated S. Typhimurium, 7, 28, and 32% showed phage typing patterns typical of
DT104 strains in 1990, 1995, and 1996, respectively (Hosek et al., 1997). S.
Typhimurium DT 104 displays resistance to the five antibiotic agents ampicillin,
chloramphenicol, streptomycin, sulfonamides, and tetracycline and has thus been termed
R-type ACSSuT (Glynn, et al., 1998).  More recently, some isolated strains have
displayed increasing  resistance to trimethoprim, fluoroquinolones, and ciprofloxacin
(Threlfall et al., 1996).  The emerging resistance is attributed to the widespread use of
antibiotics and antimicrobials.  The result is a severely limited range of effective antibiotics
that can be used to control the pathogen in livestock, farms, and consumers. It is therefore
more difficult to treat and has a higher mortality rate. Quinolones have been used for the
treatment of salmonellosis, (including enteric fever) in humans, cattle, pigs, and poultry
since late 1993 until it started to display resistance. S. Typhimurium DT 104 is also more
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resistant to food processing conditions such as acids, drying, preservatives, disinfectant,
and may be slightly more heat resistant than most strains of Salmonella (IFST, 1997).
The objective of this study was to determine the effect of high and low pHu on
growth of Salmonella enterica serotype Typhimurium DT 104 in ground pork loin stored
at the mildly abusive refrigeration temperature of 10/C in aerobic and anaerobic
conditions.
Materials and Methods
Bacterial strains and preparation of inoculum.
Four strains of S. Typhimurium DT 104 (2576, 2486, 2582, and 2380) were
obtained from D.D. Hancock and T.E. Besser, College of Veterinary Medicine,
Washington State University, Pullman, W.A.
Cultures of each strain were grown separately in 7 ml of sterile trypticase soy broth
(TSB; Difco; Becton-Dickinson; Sparks, MD) at 35/C and transferred at 24-hr intervals,
four consecutive days prior to inoculation. Broth cultures of each strain were combined in
a sterile centrifuge tube to obtain a mixture containing equal portions of the four strains. 
The strains were mixed and centrifuged (11,000 x g, 10 minutes) (Biofuge 17-R; Heraeus
Septech; Germany). Spent culture medium was decanted, and the pellet was resuspended
in sterile TSB and mixed. 
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Pork loin handling and pH assignment.
Thirty-six pork loins were shipped on ice from The Pig Improvement Corporation,
USA (Franklin, KY) to The University of Tennessee Meats Laboratory within 48 hr post-
slaughter.  All pigs were from the same genetic line.  The pH of each loin was taken in
four randomly chosen locations immediately with an Orion Model 250A hand held pH
meter (Orion Research, Inc., Boston, MA) with a Mettler-Toledo combination spear tip
glass electrode (Mettler-Toledo Process, Analytical Inc., Wilmington, MA) inserted
approximately 2cm into the muscle.  It was determined that loins ranged from pH of 5.55
to 6.57. Approximately 300g of each sample from pHu range 5.55-5.70 (group A)(n=5)
and pHu range 6.15-6.35 (group E)(n=5) were ground using an Oster food grinder
(Sunbeam Co., Niles, IL).  Group Low samples and group High samples were combined
in their own respective large sterile beaker and manually mixed for 3 minutes using sterile
gloves.  Pooled groups of samples were inoculated with the diluted four strain S.
Typhimurium DT 104 culture so as to render an initial inoculum of approximately log 5.5
CFU/g ground pork.  One half of pH group Low and High inoculated ground pork was
placed in a  B900 plastic barrier bag (Cryovac Sealed Air Corp, Duncan, SC), a
multilayered polyolefin with gas barrier properties (OTR 3-6ml/ m2/24hr at 4.4/C and
0%RH) and  vacuum-packaged  using a Multivac® packaging machine (Koch, Kansas
City, MO).  The remaining half of each pH group pork was placed in a B900 plastic bag. 
Headspace air in the bag was removed by manually patting it out then sealed with an
Impulse Hand Sealer AIE400P (Am. International Electric, Wittier, CA).  Separately,
prior to packaging of samples, 50g of pH groups Low and High, both vacuum and non-
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vacuum-packaged samples, were held aside and packaged in the same manner as above for
continuous pH monitoring.  All samples were stored at an abuse refrigeration temperature
of 10/C.  The pH of pork samples was monitored using an Accumet AB15 pH meter (
Fisher Scientific, Pittsburgh, PA) on sampling days.  
Microbiological enumeration.
Non-vacuum-packaged samples were analyzed in duplicate on days 0, 2, 4, 6, and
8. Vacuum-packaged samples were analyzed in duplicate on days 0, 3, 6, 9,12, and 15. 
Bags were aseptically opened and 25g of pork were placed  into filter-stomacher bags
(Fisher Scientific, Pittsburgh, PA) with 225ml sterile 0.1% peptone water (Bacto Peptone;
Difco).  Samples were pummeled on high speed for two minutes using a stomacher
blender (Seward Lab Blender 400; Tekmar; Cincinnati, OH).  Serial dilutions were made
using 9ml of sterile peptone water and surface plated onto plate count agar (PCA) (Difco)
for aerobic plate count (APC) and plate count agar + 1ppm chloramphenicol (PCAC)
(Difco) to inhibit background microflora in the pork and because of the known resistance
of DT 104 to chloramphenicol.  Plates were incubated at 35/C for 24 hr.  For APC, all
colonies were enumerated.  For S. Typhimurium DT104, typical colony types were
enumerated.  Results were reported as log colony forming units (CFU) per g of ground
pork. 
 Statistical analysis.
 Differences among and between pH groups and days were statistically analyzed
using the ANOVA, General Linear Model Procedure (Proc GLM) of SAS version 8.2
(SAS Institute; Cary, NC).  Means were separated using the Student-Newman-Keuls test. 
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Means that were found to be significantly different were defined with 95% confidence (P<
0.05) and were noted by differing superscripts.  
Results
Monitoring of pH on sampling days resulted in only negligible variation (data not
shown).  At day 0 of the study, the average pHu of range 5.55-5.70 and 6.17-6.35 ground
pork was 5.75 and 6.52, respectively.
Growth of S. Typhimurium DT 104 was significantly lower in vacuum-packaged
(Figure A-11) group Low pH ground pork than group High pH throughout the study
except at day 15, the last day of sampling (p< 0.05).  S. Typhimurium DT 104 on group
Low pork had a lag phase of 3 to 6 days versus < 3 days for group High.  S. Typhimurium
DT 104 in group Low was 1.5 log CFU/g lower at day 3 than group High (p< 0.05).  At
day 6, S. Typhimurium DT 104 was 7.8 and 8.6 log CFU/g for group Low and group
High, respectively and was stationary for the remainder of storage except for group Low
day 15 which was higher and increased to 8.4 log CFU/g (p< 0.05).  
Aerobic packaging of the inoculated ground pork (Figure A-12) resulted in faster
overall growth of S. Typhimurium DT 104 than in vacuum-packaged pork.  S.
Typhimurium DT 104 in group Low was consistently 0.7 to 1.0 log CFU/g lower than
group High throughout the storage of 8 days (p< 0.05).  Growth was significantly higher
at each day of sampling throughout the duration of the study for both groups (p< 0.05). 
Group Low reached 8.65 log CFU/g in 8 days in aerobic packaging compared to 15 days
in vacuum-packaging (Figure A-11).  Group High achieved 9.6 log CFU/g at day 8. 
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These results suggest that higher pH pork supports the growth of S. Typhimurium DT104
slightly more than lower pH pork.  Vacuum-packaging can extend the lag phase of S.
Typhimurium DT104 in lower pH pork and slightly slow its growth compared to aerobic
packaging.
Discussion
Because S. Typhimurium DT 104 is a facultative anaerobe, it is not surprising that
significant growth occurred under aerobic and vacuum-packaged conditions.  Evidence of
a 3.15 to 4.1 log CFU/g increase in S. Typhimurium DT 104 in aerobic packaging in just 8
days and 2.3 to 3.2 log CFU/g increase in vacuum-packaging in just 6 days, could  suggest
that the temperature abusive conditions of this experiment at 10/C may have been a
critical factor in not suppressing the growth of the pathogen.  Further experiments would
need to be conducted to compare and contrast the growth at lower temperatures that
better represent those in refrigerated shipping and storage (< 4/C).  
While aerobic growth in lower pHu ground pork was less than higher pHu pork, it
is so only by  an average of 1.0 log CFU/g.  Inconsistent with our results, Hooper-Kinder
et al. (2002) showed that when ground beef inoculated with S. Typhimurium DT 104 was
stored aerobically in an oxygen permeable overwrap at 10/C, there was no difference in
growth rates for 0% DFD and 100% DFD meat (pHu approximately 5.64 and 6.45,
respectively).  Again inconsistent,  Mackey et al. (1980) found that meat inoculated with
various strains of Salmonella did not show growth rate differences at varying pH of 5.6 to
6.5 when stored at 12.5 and 15/C, but at 10/C, growth rates were more rapid on lower
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pH meat (pH< 5.8).  Grau (1983) found that when stored aerobically at 25/C, the growth
of S. Typhimurium DT 104 was markedly reduced as the pH fell below pH 5.6. However, 
the lag phase of the organism grown aerobically on lean tissue at pH> 6.0 was 6 times
shorter than at pH< 5.5.  Our results did not demonstrate a true lag phase and growth
differences were not as notable as those of Grau (1983).
Although growth in vacuum-packaging was similar to aerobic packaging for the
first 6 days in storage, the anaerobic conditions did appear to stabilize the growth
thereafter up to 15 days.  S. Typhimurium DT 104 growth did experience a lag phase of
<6 days in lower pHu pork while no lag phase was observed in the higher pHu pork. 
Similar results were reported by Grau (1983). Therefore, it can be suggested that vacuum-
packaging of ground pork can extend the lag phase of S. Typhimurium DT104 in lower
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According to the National Pork Producers Council (1998), ideal pork quality is 
achieved with an ultimate pH (pHu) between 5.6-5.9, a drip loss less than 2.5%, and a
reddish-pink color. Annually, the United States pork industry loses over $100 million due
to pork quality defects.  Ultimate pH is the pH of meat at 24 hr post-mortem and  is
probably the most important characteristic of pork and one of  the  biggest contributors to
these defects and reduced sensory and microbial shelflife.  The National Pork Producers
Council conducted a quality audit evaluating the current status of the United States’s pork
industry relative to the products it provides to consumers and revealed that  the two
primary pork quality problems in the U.S. are non-pleasing meat color and inadequate
water holding capacity (WHC) (Cannon et al., 1996). U.S. pork exports have increased
295% since 1990 with  Japan, Mexico, and Canada currently the top importers (USDA
FAS, 2001). In a study reported in Radakovich (2002), the freshness of U.S. pork was
ranked fourth and third by Japanese and Korean importers, respectively behind other
foreign exporters and domestic sources.  Longer transportation times, varying degrees of
handling, and potential for temperature abuse throughout shipment across the country and
oversees have created the necessity for a better understanding of microbial growth under
such conditions as well as devising a better packaging system to assure the longevity of
pork products.  One of the most important concerns to the meat industry is the control of
microorganisms because of their direct influence on food safety and shelflife of meat
products. Spoilage in pork is subjective but can best be defined as “any single symptom or
group of symptoms of overt microbial activity, manifest by changes in meat odor, flavor,
or appearance” (Gill, 1986).  Controlling bacterial growth is  crucial to pork shelflife and
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has generated much interest because of the desire for longer product integrity and keeping
(Cannon et al., 1995). Therefore, studies must be performed to determine the effect that
pHu has on microbial shelflife reduction and physical, and chemical attributes of fresh pork
for wholesale and retail marketing.  
 Our results reveal that a higher and lower pHu pork does have decreasing and
increasing concentrations of glucose and lactate, respectively.  A higher pHu pork does
appear to inhibit oxidative rancidity in fresh pork loin. And based on drip loss and
microbiological results, a pork pHu of 5.8 to 5.9 is optimum to provide a shelflife of at
least 24 days with minimal off-odors and lower drip loss when vacuum-packaged and
stored at 4/C. 
The pHu of pork does appear to influence the color (lightness) of fresh pork chops
although not the chroma and hue of color.  While none of the chops would have been
considered pale or dark by the NPPC’s standards (2000), color analysis would suggest
that a  pHu range of 5.4 to 5.95 would allow one to have a consumer acceptable loin chop
of pleasing and storage-stable reddish to dark reddish-pink color.  Color attributes of
chops were not influenced by length of retail display or length of time under vacuum-
packaging.  Based on microbial results, a pork loin chop of pHu< 5.80 cut  from vacuum-
packaged loins stored for up to 24 days at 4/C could be retail displayed for 5 days at 5/C
and optimum shelflife would be achieved.  More specifically, chops of pHu< 5.65 may be
capable of achieving a shelflife of 39 days (34 day under vacuum-packaging).
Our finding would agree with the NPPC (1998) suggestion that ideal pork quality
is achieved with a pHu of between 5.6 to 5.9.  Attempting to target a pHu within this
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range would most likely result in less economic loss for the pork industry.  Furthermore,
shipping fresh pork product internationally would be more feasible because of the greater
degree of perceived freshness and longer shelflife.
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